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Summary
This thesis describes the novel test techniques that were developed to 
measure the parameters associated with the plastic shrinkage, and 
subsequent possible plastic shrinkage cracking, of high strength concrete.
The parameters measured during the first 24 hours after placing were^stress- 
strain relationship, negative pore pressure and free shrinkage strain 
development. The plastic behaviour of eight high strength concrete mixes 
was quantified and these mixes were then tested to assess their propensity 
towards plastic shrinkage cracking, using restrained ring tests.
A review of the parameters associated with plastic shrinkage cracking was 
carried out. The general view was that as the particle size in a cement matrix 
gets smaller, then the negative pore pressures developed are greater and 
hence shrinkage increases. This meant that the presence of secondary 
cementing materials, of very small diameter, such as microsilica, in high 
strength concretes would explain their apparent susceptibility to plastic 
shrinkage cracking.
Eight high strength concrete mixes were tested in exposed and sealed 
conditions. It was found that when tested in sealed conditions none of the 
parameters measured presented itself as the sole driving force behind plastic 
shrinkage or plastic shrinkage cracking. Also, when cured in sealed 
conditions, none of the mixes tested in the restrained ring test apparatus 
cracked. When tested in exposed conditions, the presence of wind had little 
effect on the stress-strain relationship of the mixes tested. However the 
presence of wind seemed to cause negative pore pressures to develop 
earlier than in the sealed samples and increased free shrinkage by 3 to 40 
times depending on the mix. The samples that exhibited the highest free 
shrinkage strains, in exposed conditions, were the mixes that cracked when 
tested in the restrained shrinkage rings. The mixes that cracked all contained 
microsilica and these mixes did not crack when the same mixes were tested 
without microsilica. Polypropylene fibres were found to reduce the cracked 
area of the samples that cracked.
The supplementary cementing materials used in this study were ground 
granulated blast furnace slag, metakaolin, microsilica and pulverised fuel ash.
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Glossary of terms
There follows a glossary of some of the terms used to describe the causes 
of shrinkage or cracking in fresh concrete. There is no agreed definition for 
any of these terms in the literature and the definitions that follow are inferred 
from the papers reviewed herein.
Cracking may occur due to the restraint of any of the types of shrinkage. 
Researchers use these definitions of shrinkage in an attempt to describe the 
period during which shrinkage or cracking may take place. To describe 
cracking due to any of these definitions the form of shrinkage should be 
suffixed with the word cracking, and the definition should be prefixed with the 
curing condition I.e. autogenous or exposed. For example: Autogenous 
chemical shrinkage cracking or Exposed plastic shrinkage.
Autogenous shrinkage. Shrinkage that takes place within a hydrating mass 
that is isolated from any external medium. Autogenous can be used to prefix 
any of the following types of shrinkage to describe the conditions under 
which curing takes place. In the opinion of the author of this thesis this term 
should not be used in isolation but should be used in conjunction with a term 
to describe the type of shrinkage under investigation
Chemical shrinkage. Takes place whilst there is still “free” water within the 
hydrating mass. How the end of this period is determined is contentious.
internal shrinkage. Takes place once the free water has been taken up due 
to hydration or lost to evaporation, or both. During this period it is thought 
that the framework of hydrates develops a degree of self-support and 
negative pore pressures may begin to develop.
Total external shrinkage. This is the change in volume as defined by the 
external surface of the sample.
IX
Self-desiccation. Caused by the removal of water from a material by a 
process within the material itself, i.e. hydration. Self-desiccation therefore 
takes place in autogenous conditions, either due to the method of curing or 
in the centre of a hydrating mass.
Plastic shrinkage. This is the shrinkage that takes place during the period 
when fresh concrete is plastic, i.e. the transition between fluid and solid 
state.
It is very hard to determine the period over which any of these forms of 
shrinkage occur as this varies from mix to mix. This may mean that it would 
be better to simply call any shrinkage within, for example, the first twelve 
hours from placing "early age" shrinkage (or cracking if appropriate) and 
then qualify the curing condition for this with a descriptive prefix.
Introduction
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Introduction
High strength concrete Is sometimes confused with high performance 
concrete, due to its supposed high durability, but high performance concrete 
is not necessarily of high enough strength to be classed as high strength 
concrete. Conversely high strength concrete may not be as durable as high 
performance concrete. High strength concrete is being used increasingly 
because it has supposed applications in harsh climates, it is cost effective 
because structural members have a nominally smaller cross sectional area 
than normal concretes, it hardens rapidly and has a higher modulus of 
elasticity than normal concrete (Neville 1995).
Concrete can be classified as a high strength concrete if it attains a strength 
of over 80 MPa at 28 days (Domone et al 1994), although the production of 
concrete with a strength of over 100 MPa, using standard batching conditions 
and plant, is now possible.
1.1 Plastic shrinkage cracking
Early age cracking in fresh concrete is a complex problem that occurs during 
the first few hours after mixing and may compromise the durability of high 
strength concrete that is used in situations where the use of high 
performance concrete may be more suitable.
The rheological properties of concrete suspensions encompass a wide range 
of behaviour starting at almost Newtonian at the instant of mixing, through 
Bingham type behaviour with a yield stress, to a solid of significant tensile 
strength and stiffness. This period is known as the plastic period. During this 
plastic period both micro- and macro-cracks may form, possibly due to the 
development of negative pore pressure and capillary tensions which may be 
increased by the extremely small diameter (sub-micron) of the supplementary 
cementing material (Wittmann 1976).
This development of negative pore pressure is thought by some authors to 
be the driving force behind plastic shrinkage, that, when restrained, is
1
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thought to be the mechanism that causes plastic shrinkage cracking (Holmes 
1992).
Another theory as to what causes plastic shrinkage is that the hydration 
process itself causes plastic shrinkage cracking, because the products of 
hydration take up less space than the reactants (Justnes et al 1996). This 
continues until the network of hydration products is strong enough to resist 
shrinkage. After this point hydration slows and internal contraction pores and 
negative pore pressures can form. This combined with relatively high and 
prolonged internal temperatures, a product of the reactions, can lead to the 
phenomenon of 'self desiccation'. This may cause micro cracking due to 
internal and external restraint forces. The development and subsequent 
propagation of these cracks over time, due to the ingress of aggressive 
liquids or gases and natural mechanisms such as freeze thaw action, may 
undermine the long-term durability of high strength concrete. Again it is the 
restraining of shrinkage strains that is attributed to leading to the onset of 
plastic shrinkage cracking.
Internal restraints to shrinkage strains are produced by aggregate particles 
or reinforcement. These may restrain tensile strain in the fresh concrete, 
which may crack if the applied strain exceeds the tensile strain capacity of 
concrete. For this reason it makes more sense to test concrete for its 
propensity towards plastic shrinkage cracking, rather than cement or mortar 
because these internal restraint strains are not present in cement or mortar. 
External restraint can be caused by friction at the interface between the outer 
surface of the concrete member and the internal perimeter of formwork. Also 
external restraint can be caused by placing fresh concrete adjacent to 
concrete that may have already begun to loose workability.
1.2 Aims and obiectives of the research
The objective of this research was to measure the parameters that are
associated with plastic shrinkage cracking in high strength concrete. These
parameters were early age stress-strain relationship, negative pore pressure
and free shrinkage strain development. The aim was to quantify the effects of
various supplementary cementing materials and fibres on stress-strain
development. This research represents an
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attempt to quantify the setting behaviour of concrete in terms of engineering 
units rather than by empirical tests such as Vicat (EN 196 1992) which have 
been used in the past.
High strength concrete mixes of low w/c ratios, without retarding admixtures, 
tend towards a much more rapid initial setting; i.e. they go from the fluid state 
to solid state much faster than concretes of higher free w/c ratio (Justnes et 
al 1996). This behaviour may also add to the increased cracking tendencies 
of high strength concrete In the fresh state, because when concrete is 
required to deform under the forces exerted by plastic shrinkage strains and 
external restraint it is not workable enough to deform as a homogenous 
mass, but at the same time, not strong enough to fully resist the shrinkage 
strain.
If these changes in strain capacity can be monitored then methods of 
reducing this early cracking mechanism may be suggested. At present, in 
industry, strength build up can only be measured in qualitative terms but by 
using apparatus, developed at the University of Surrey, quantitative stress- 
strain curves can be produced at intervals from 1-5 hours after the addition of 
water at the mixer.
This research also includes the measurement of negative pore pressure 
development as well as free and restrained early age shrinkages that are 
thought to be the major causes of early age cracking. The apparatus required 
to measure negative pore pressure and free shrinkage strain were also 
developed at the University of Surrey.
At the outset of this research the tensile test apparatus existed, as did the free 
shrinkage apparatus. The author of this thesis improved these pieces of 
apparatus and set up a computerised logging system to be used in conjunction 
with them. The author of this thesis also developed the negative pore pressure 
and restrained ring test apparatus.
Note - wherever water/cement ratios are stated, cement includes any 
supplementary cementing materials in the mix.
Literature review
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Literature review
2.1 General high strength concrete and admixtures
High strength concrete is being used increasingly because it has applications 
in harsh climates, it is cost effective because structural members have a 
nominally smaller cross sectional area than normal concretes, it hardens 
rapidly thus speeding up construction times and has a higher modulus of 
elasticity than normal concrete (Neville 1995). Concrete can be classified as 
high strength concrete, in the UK, if it attains a strength of over 80 MPa 
(Domone et al 1994) and this is possible using standard batching procedures. 
High strength is achieved by the addition of two admixtures not generally 
used in standard concrete. These admixtures are superplasticizers and 
supplementary cementing materials, for example microsilica. The typical 
design parameters for a high strength concrete (Concrete Society 1995) are 
that the cement content should be >400 kg/m^ with an additional 10% of a 
supplementary cementing material and a water / cementitious material ratio 
of 0.30 to 0.40, although using modern superplasticers this can be reduced 
further. Aggregate ratios and combinations must be experimented with to 
provide the required performance, as there is no definitive design method for 
high strength concrete. However Chang (Chang 1998) has developed a 
method for designing high strength concrete based on the method set out by 
the Department of Environment (DoE 1988) for the design of normal 
concrete. Chang has also designed a high strength concrete mix that can be 
made with no admixtures.
Superplasticizers are water reducing agents that make possible the 
production of workable concrete of very low water / cement ratio. To qualify 
as a superplasticizer according to BS 5075 the admixture must be able to 
reduce the water content of a mix design by a minimum of 16% (BS 5075 
1985). Superplasticizers are water-soluble organic polymers that are the 
product of complex polymerisation processes. The molecules within these
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polymers are long and of a high molecular mass. These molecules keep the 
cement particles properly deflocculated and therefore in a full state of 
dispersion (A'ltcin et al 1994). There are four main families of 
superplasticizer: sulphonated melamine-formaldehyde condensates;
sulphonated napthalene-formaldehyde condensates; modified 
lignosulphates; and others such as sulphonic-acid esters and carbohydrate 
esters; the latter two groups being rarer than the first two (Neville1995). 
Napthelene based superplasticizers contain twice the proportion of solid 
material, approximately 40%, compared to other superplasticizers, usually 
20%, making them either twice as effective, per unit weight, or allowing 
smaller quantities to be used. Superplasticizers can also increase the 
strength of standard concrete as better dispersion of cement particles is 
achieved (Aitcin 1994).
A characteristic of high strength concrete compared with normal concrete is 
that in general smaller aggregate particles are used in their production. The 
maximum particle size specified for use in standard concrete mixes in the 
UK is nominally 20mm but in the production of high strength mixes this is 
around 14mm. Two explanations as to why smaller aggregate particles are 
used are put forward. The first is because larger particles are more likely to 
have internal flaws that may cause weakness in the finished structure (Price 
1994), the second is that there is less chance of failure on the paste / 
aggregate interfacial transition zone. This paste / aggregate interfacial 
transition zone is made stronger by the presence of the supplementary 
cementing material which fills the smaller voids left by the cement particles, 
so reducing the density gradient of the hydrates in this region (Kjellsen et al 
1998).
A range of high strength concrete mix designs were examined in order to 
choose the most appropriate mix on which to base this study. Thirty-eight 
mixes were found during an in depth review of high strength concrete mix 
designs, all thirty- eight mixes can be seen in Appendix A. From these thirty- 
eight mixes four were chosen and replicated at the University of Surrey; the 
mix details of these and their slump values and cube strengths can be seen
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in depth in Chapter 3, as well as a review of the issues and design 
considerations surrounding high strength concrete.
2.2 Shrinkage due to caoillarv and pore pressure
O’ Kelly (O’ Kelly 1959) reported the physical changes which occurred 
during the setting of plaster. The parameters measured were the changes of 
the solid mass to free water, water sorption and variations in apparent 
volume. It was considered that this reference provided a useful introduction 
to some of the changes that occur in a hydrating system.
If the solids present are in the form of small particles, some or all of which 
are close together, the layer of water held on one particle will coalesce with 
the water layer on an adjacent particle to form concave menisci. The vapour 
pressure at the surface of these menisci will be less than that existing at the 
surface of the bulk water under the same pressure. Water will therefore 
transfer from the bulk water to the porous solid mass until the menisci in the 
mass are all flat.
Thus water will transfer from bulk water to a dry porous solid until the pores 
are all filled, but the process will be initiated by one property of the system 
and completed by another. No differentiation is made between these two 
processes and the difference of energy level which causes the transfer of 
water at any time is said to be the “suction” of the porous system for bulk 
water at that time.
These statements are true irrespective of the mechanism of water transfer. 
This would imply that the development of suction or negative pore pressure 
is initiated at the introduction of water to the dry cement and is therefore a 
function of the hydration processes rather than solely a function of loss of 
bleed water through evaporation.
O’ Kelly (O’ Kelly 1959) measured suction using apparatus consisting of a 
sealed air filled cell of constant pressure connected to a mercury manometer 
that monitored the pressure in the cell as the sample hydrated. The plaster 
sample sat on a saturated ceramic plate. During the hydration process, the 
menisci in the capillaries of the plaster were observed through a microscope.
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The main drawback with this system was that suction due to hydration might 
be increased because the pressure in the cell was higher than atmospheric 
pressure. A higher suction may then be recorded erroneously as the water 
held in the capillaries could be forced into the sample at an increased rate. 
Water sorption was measured in a similar method to that used to measure 
suction. In the case of measuring sorption the ceramic disk was substituted 
by a sintered bronze disk, covered with filter paper, as this material offers a 
lower resistance to the flow of water. Water was allowed to flow through the 
plaster and the amount of water sorbed by the sample monitored. When the 
water was first introduced to the sample there was a period of approximately 
four minutes during which no sorption took place and the water drained freely 
from the sample. It is believed that during this initial period the plaster was 
being compacted by the water and only when the plaster was compacted did 
sorption begin. The author states that, “The period of apparent inaction is 
believed to be due to the compactable nature of the plaster mass at this 
stage of setting and the consequent possibility of supplying a demand for 
water by compaction of the mass, with the release of free water. The 
compacting force is, of course, supplied by the surface tension of the water 
and or gravity." This explanation of the role that surface tension plays in the 
hydration process would give a possible explanation as to why reducing the 
surface tension of the mixing water in cement pastes may help reduce this
andcompaction,^subsequent consolidation and release less bleed water. This 
may in turn reduce the development of negative pore pressure. However, as 
compaction took place a “rigid structure is rapidly developing due to 
microcrystallization and interlocking of crystals," which when rigid enough 
reduced the compaction. So by stopping compaction the hydration of the 
mass is slowed and strength gain at an early age is reduced leaving a fragile 
structure that may be more susceptible to damage.
Shrinkage was measured by sealing a sample in a flexible membrane, 
connected to a capillary tube, and placing it in a tank of water. As the volume 
of the sample changed the meniscus in the capillary tube moved up or down. 
The main problem with this test method was that as the sample heats due to 
hydration the system may begin to act as thermometer, this was seen as the
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only limitation of this test method. Attempts to measure the temperature of 
the water around the hydrating plaster paste were made but failed due to the 
difficulty in the placing of thermocouples.
This report clearly showed the relationship between the onset of hydration, 
shrinkage and suction and that, according to Kelly, they are inextricably 
linked and are a function of each other.
Wittmann (Wittmann 1976) reported experiments that were designed to 
reject or verify the hypothesis that, "In fresh concrete all individual particles 
are comparatively mobile in relation to each other. Therefore small attractive 
forces reduce the mean distance between particles. In this way the whole 
system becomes compacted. As the hydration process continues, the 
originally separated particles are gradually interlocked and finally form a solid 
skeleton. As a consequence the importance of capillary action ceases 
rapidly.” Although Wittmann was not the first researcher to identify the link 
between negative pore pressure and shrinkage he did test for the two 
concurrently. The apparatus used was based on that used by Cromarty 
(Cromarty 1967), discussed elsewhere in this review. However, Wittmann 
measured dimensional change in the horizontal plane as well as the vertical. 
A similar method to measure negative pore pressure to that described in this 
thesis was used. Unlike the University of Surrey all the data found by 
Wittmann were found using one piece of apparatus and tests were carried 
out in a controlled environment.
The effect of water / cement ratio and admixtures on plastic shrinkage 
cracking was also measured.
Wittmann stated that chemical shrinkage does not contribute to plastic 
shrinkage to a significant extent because not much hydration takes place 
within the first two hours. The reason that plastic shrinkage and capillary 
pressures were measured together was because plastic shrinkage cracking 
seemed to occur only when the surface of the concrete is dry. This 
observation, according to Wittmann, “means that plastic shrinkage is likely to 
occur when the rate of evaporation exceeds the rate at which the bleeding 
water rises to the surface”. Empirical observations seemed to suggest that
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there was a positive link between the rate at which bleed water develops and 
evaporates and the onset of plastic shrinkage.
The theoretical background to Wittmann’s work is that in the first few hours 
after placing concrete segregation takes place under the force of gravity. Due 
to this segregation bleeding takes place causing the movement of mix water 
to the surface of the mass. When using most standard concretes there will 
already be a film of water present on the surface of the mass due to the 
settlement caused by placing and compacting. “In hot / dry weather the water 
covering the surface may evaporate. If this takes place the water between 
the particles near the surface (cement and aggregate) forms a complicated 
system of menisci. It is well known that due to capillary action under these 
conditions a pressure within the liquid phase is created. This capillary 
pressure is given by the Gaup-Laplace-equation:
Pc = a (1 /R i  + I /R 2) (1)
In equation (1) a represents the surface tension of the liquid whereas Ri and 
Rz stand for the main radii of the curvature of the surface of the liquid.
A simplified model of this situation is shown in Figure 2.1. An attractive force 
acting between particles which are separated by a liquid filled capillary 
always exists. This interacting attractive force can be calculated by 
introducing some simplifying assumptions. In general the resulting force fa 
depends on the geometry and the surface tension:
fa =  f ( G ) . a  ( 2 )
If two spheres with radius R are assumed to be held together by a 
liquid ring with diameter R the attractive force is approximately given by the 
following expression:
fa = 7iaR (3)"
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Figure 2.1 Schematic view of the parameters controlling capillary pressure 
development
Where: and Rg stand for the main radii of the curvature of the surface
of the liquid.
fa = Attractive force acting on the particles
When analysing the results, Wittmann identifies what he calls a break­
through pressure and puts a great deal of emphasis on this and describes it 
as the dominant pressure in plastic shrinkage. The break-through pressure is 
defined as the arrangement of the water dispersed through the system 
becoming unstable and as a consequence being redistributed, Wittmann 
describes this point as th%L at which the negative pore pressure is at a 
maximum. I would agree with the definition of break-through but I would not 
agree that it is either a dominant or maximum negative pore pressure. With 
regard to the present research, the reasons for loss of pressure could be a 
pressure leak in the actual testing apparatus or a void or crack in the paste 
near the tip of the probe (Holmes 1992) which then releases air / water when 
a certain pressure (which does not have to be the maximum expected) is
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reached. This latter explanation would lead to a local premature loss of 
pressure but this does not mean that the probe is measuring the maximum 
pressure in any part of the system at that time. At a distance of millimetres 
from the tip negative pore pressure could still be rising or holding steady. 
From experience of using a similar test system, at the University of Surrey, it 
is possible, if the tip of the probe is in the correct place, to measure a build 
up of pressure in the system and for this pressure to be held in the system 
for the 24 hour test period. One of the drawbacks of using this test system is 
that the transducer only measures the pressures around the tip of a very fine 
probe (0.8mm internal diameter, at the University of Surrey) and this is only a 
random sample of what is actually happening in the system being tested as a 
whole. The break-through pressure may, therefore, only be an arbitrary 
pressure dependent on the location of the tip of the probe in the cement 
matrix.
Wittmann places a lot of emphasis on the relationship between the break­
through pressure and the point at which plastic shrinkage reaches a 
maximum. If, for the reasons outlined above, this relationship is doubted then 
it must be said that the validity of the inferences drawn from the experimental 
work carried out must also be doubted. However, the theory presented by 
Witmann with regard the inextricable link between negative pore pressure 
and plastic shrinkage cracking is irrefutable. Wittmann also makes the 
connection between curing conditions and the degree of negative pore 
pressure found. For example, if the surface of the hydrating concrete was 
covered with a film of water then pore pressure was reduced, as was plastic 
shrinkage. Wittmann’s conclusions stated that the results showed that the 
original hypothesis was correct.
As part of a wider study into the cracking of oil well cement. Holmes (Holmes 
1992) carried out small-scale pore pressure measurement at atmospheric 
pressure. The test method employed by Holmes to measure pore pressure 
development was very similar to the method employed at the University of 
Surrey, however. Holmes also measured the settlement of the sample. The 
work carried out by Holmes concentrated on high w/c ratio cement pastes.
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Concrete was not tested. The cement paste was tested under two surface 
conditions the first being a normal open surface and the second being a 
flooded surface.
Holmes attributed the volume change of cement paste to two factors: 
settlement/consolidation, under gravity, and the development of negative 
pore pressure. It was surmised that the amount of volume change and 
magnitude of negative pore pressure developed was dependent on the 
cement used and the surface condition. It was discovered that these two 
mechanisms, settlement/consolidation and the development of negative pore 
pressure, worked in succession. “The settlement /consolidation lasts 
approximately 2-4 hours depending on the cement." This is the period that 
concrete is most likely to crack. There is then a corresponding plateau in the 
settlement and pore pressure curves. “The onset of negative pore pressure 
development occurs between 4-20 hours depending on the surface condition 
and type of cement.” This may mean that by the time negative pore 
pressures begin to develop, cracking has already been instigated by the 
settlement of the material, making pore pressure simply a function of 
hydration that may help to propagate existing cracks. Alternatively, it may be 
a feature of the test procedure that leads to a delay in the measurement of 
negative pore pressures. Bleed water present on the surface, due to the 
settlement of the suspension either evaporates or is re-absorbed back into 
the cement and the time taken for this to happen may be an explanation for 
this plateau. Pore pressures may already be present in the material, from the 
time that the cement powder and water come into contact with each other, 
but may take time for the negative pore pressure present to be fully 
transmitted through the column of water to the transducer. However, the fact 
that different mixes register negative pore pressure at different times when 
using this test technique would imply that different materials develop pore 
pressure at different times.
There was a difference in the behaviour of the materials tested by Holmes 
when the surface condition was changed. For the first two hours there was 
little difference between the behaviour of the materials but then the open 
surfaced sample continued to settle but the flooded surface ceased. Holmes
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explained this by stating that, “The extra surface settlement shown by the 
open surface sample is due to the negative pore pressures occurring within 
the cement. These are caused by capillary suction which develops when the 
surface becomes dry due to the removal of free water from the surface by 
the reaction process. This drying of the surface, and therefore capillary 
suction, does not occur in the flooded sample. Therefore, in the case of 
OPC, if the surface is allowed to dry, additional shrinkage (in the form of 
surface settlement) occurs."
Negative pore pressures are still registered in the flooded surface samples. 
These pressures are however registered later and are due to the loss of 
water due to hydration rather than surface evaporation.
When testing cementitious materials in this way it has been found that 
repeatability can be a problem due to the sudden release of negative pore 
water pressure. Holmes attributes this to:
• The water level entering a large void.
• The exhaustion of water above the pressure sensing pipe.
• The cracking of the cement structure.
Cracking was also noted on occasion in the flooded samples when high- 
shear mixing techniques were employed.
Cohen (Cohen et al 1990) discussed the mechanism of plastic shrinkage 
cracking in Portland cement paste and mortar and ordinary Portland cement 
and silica fume paste and mortar. A definition for plastic shrinkage and one 
of the mechanisms that leads to plastic shrinkage cracking is outlined by 
Cohen as: “Plastic shrinkage cracking is the shrinkage of the freshly placed 
concrete that takes place during the time when the concrete is plastic. The 
duration is usually short, approximately one to two hours, first starting after 
the water sheen disappears from the concrete surface and ending shortly 
thereafter, when the concrete sets. If shrinkage is non-uniform, or if there is 
resistance to it, tensile stresses would be developed starting at the concrete 
surface. The stresses, although small, could easily exceed the low tensile 
strength of the fresh concrete, resulting in cracking.” Cohen et al also point 
out that there are other types of shrinkage, such as carbonation, drying and
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autogenous, but research into plastic shrinkage cracking appears to have 
been neglected.
The curing conditions that exagerate the effects of plastic shrinkage cracking 
are "high wind, low relative humidity and high temperature although these 
conditions do not have to occur simultaneously”. Cohen et a! believed that 
the driving force behind plastic shrinkage cracking was excessively rapid 
evaporation of water from the surface of the concrete and the inability of the 
bleed water to replace the evaporating water. Wittmann (Wittmann 1976) 
according to Cohen et ai, demonstrated experimentally that this process 
leads to plastic shrinkage cracking due to capillary tension in the mixing 
water present in the fresh concrete after the surface becomes dry. "When 
the surface first becomes dry a complicated system of menisci forms at and 
near the surface of the concrete. A tensile capillary pressure within the liquid 
phase is developed and rises at an increasing rate until it reaches a 
maximum that Wittmann calls the “break-through pressure”. Capillary 
pressure drops off rapidly and immediately after the break-through pressure 
is reached.”
Two equations that will predict the development of pore pressure are 
presented, the first based on the work of Powers (Powers 1935) and the 
second based on Pihilajavaara’s work (Pihilajavaara 1974).
Powers P=1x10'^ y S
w/c
Pihilajavaara P=2.6x10'^ySp
When for both the above: P = Capillary tensile pressure.
Y = Surface tension of water. ( )
S = Mass specific area of cement. (  
w/c = Water cement ratio, 
p = Solid density of cement. ( )
1x10'^ and 2.6x10'^ are constants.
From these expressions it can be seen that the specific surface area of the 
materials is the crucial factor with regard to the magnitude of pore pressure
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developed, the greater the surface area the greater the negative pore 
pressure. The use of such equations alone would seem rather crude as it 
relies on variable geometric parameters that are very difficult to measure. It 
may be however that the direct measurement of negative pore pressure is 
the only way to be sure of the negative pore pressures developed within a 
hydrating mass.
Rather than measure the development of pore pressure, Cohen et al 
measured water loss from samples. Paste samples were placed in brass 
moulds of 50 X 50 X 5mm with a Plexiglas base to reduce friction. Waterproof 
sandpaper was attached to the sides of the moulds to increase friction 
around the boundary of the sample to increase restraint. The samples were 
subjected to the following curing conditions; an air-stream of 1m/s passed 
over the surface and a temperature of 40°C. Relative humidity was not 
controlled. A range of mortars and pastes were tested, the control containing 
100% Portland cement, 15% of which was replaced in subsequent mixes by 
silica fume dust, densified silica fume dust and silica fume in slurry form. 
Different amounts of superplasticiser were then used in each mix to attain 
the level of workability required for each type of silica fume. This difference in 
addition rate of superplasticer may result in differences In setting and 
possibly cracking pattern that is unrelated to the form of silica fume used.
Cohen et al . that
there is a difference in the degree and pattern of cracking between the plain 
cement paste and mortar and those containing silica fume. Cracking in most 
of the mixes tested was initiated after 15 minutes and completed 45 minutes 
after placing.
To explain the greater degree of cracking that took place in the pastes and 
mortars containing silica fume Cohen et al calculated the capillary pore 
pressure present in the mortars and pastes made using 100% Portland 
cement and 85% Portland cement with 15% densified silica fume. A 
difference of 1-2 orders of magnitude was found. This was attributed to the 
larger surface area of the silica fume. This seems to be a very large 
difference and is nothing like the differences that have been found during the 
present study at the University of Surrey.
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The paste that contained silica slurry did not set or gain strength for an 
extended period, therefore allowed cracks continue to form and grow for 
several hours without any resistance. This is explained by Cohen et al as the 
increased surface area of the cementitious material and better dispersment 
of the particles, due to prior mixing, causing retardation in setting time. The 
explanation given for the propagation of cracks being due to low tensile 
strength may well be true but I would question the reasons given to explain 
this phenomenon. It may have more to do with the effects of superplasticers 
used.
There is a lot of conjecture in this paper as to the role that pore size might 
play in water loss, from pastes as opposed to mortars. The larger pores in 
mortar may, according to Cohen et al, act as sacrificial reservoirs, which 
delay the loss of water from the smaller pores in the pastes. It is these 
smaller pores, due to having smaller radii and therefore smaller diameter 
menisci, which will develop greater negative pressure.
Cohen et al note that although the measurement of rate of water loss may 
provide valuable information about drying intensity this can by no means 
predict the plastic cracking properties of a mix.
The main conclusion drawn by Cohen et al was, "The capillary pressure 
development during curing can lead to plastic shrinkage cracking. With 
higher pressure (high S particles) and earlier development of the pressure 
(prior to setting, i.e. 15 minutes) the cement paste becomes more prone to 
cracking.” If negative pore pressures are developed this early during 
hydration the technique developed at the University of Surrey may not be 
able to measure these because there may be a time lapse whilst the 
pressures are transferred to the transducer.
The ring tests being carried out at the University of Surrey into the cracking 
potential of fresh concrete have shown that the measured cracked areas 
show considerable variability. It should be noted that the work by Cohen et al 
was only carried out on pastes and mortars, this research is therefore not 
necessarily directly transferable to the concrete described in this thesis. 
Cohen et al when discussing the cracking tendency of mortars states that the 
dispersment of the sand particles has a direct effect on the cracking pattern
16
Literature review
as the cracks cannot pass through the sand particles. This may also be true 
for the concrete being tested at University of Surrey and the dispersment of 
the aggregate and sand particles through each individual mix may dictate 
whether a mix will crack and the degree of cracking seen.
Cabrera (Cabrera et al 1992) measured the effect of admixtures on the 
plastic shrinkage of concrete, with regard to the time of occurrence of peak 
negative capillary pore water pressure related to the surface tension of the 
mix water and the development of plastic shrinkage. Five different types of 
superplasticisers, were added to a concrete of w/c ratio 0.55 at 0.2, 0.4 and 
0.6% of the cement content, the effect of these additions on the surface 
tensions of the mix water, onset and magnitude of pore pressure and 
shrinkage were measured. This is a relatively high w/c ratio and low addition 
rates of superplasticiser for the area of research in this thesis.
A definition of plastic shrinkage and the mechanism behind it is given by 
Cabrera et al as: “Plastic shrinkage is the shrinkage that occurs in fresh 
concrete within the first few hours after it has been placed: that is, while the 
concrete is still plastic and before it has attained any significant strength. The 
principle cause of plastic shrinkage cracking is an excessively rapid 
evaporation of water from the fresh concrete. Plastic shrinkage and cracking 
are likely to occur if the rate of evaporation exceeds the rate at which 
bleeding water rises to the surface”. The combined effects of temperature, 
wind velocity and relative humidity can aggravate this plastic shrinkage. 
Plastic shrinkage may then lead to plastic shrinkage cracking. "Although the 
exposure of fresh concrete to high rates of evaporation is identified as the 
most common cause of these cracks, the mechanism by which they occur is 
not fully understood”.
The explanation of the development of negative pore pressure as the driving 
force behind plastic shrinkage, proposed by Wittmann (Wittmann 1976), was 
presented by Cabrera et al but reservations of this were also set out. 
"However, as this paper will show, whilst the present research project bears 
out this explanation the results obtained further suggest that the correlation 
between the development of capillary pressure and the onset of plastic
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shrinkage does not follow the previously accepted pattern". I would agree 
with Cabrera et al on this point.
Shrinkage was measured by an LVDT coupled to a horizontal rod, giving a 
gauge length of 480mm, which was connected to two studs penetrating 
20mm into the fresh concrete. The LVDT was then connected to a 
computerised logging system. Negative pore pressure was measured using a 
similar technique as that being used at the University of Surrey. Two plastic 
hoses of external diameter of 2.5mm and internal diameter of 1.5mm, 
connected to pressure transducers, were inserted into the centre of the 
concrete mass and monitored using a computerised logging system. Both 
hoses measured similar pressures.
By examining the pore pressure results presented it can be seen that the 
development of negative capillary pressure goes through two peaks before 
an increase occurs due to capillary water re-distribution. This is similar to the 
idea of a "break-through” pressure outlined by Wittmann (Wittmann 1976). 
There is also a correlation between the appearance of the surface of the 
concrete and the pressures being generated within it, such that the negative 
pressure increases sharply to reach the first peak when the bleeding water 
evaporates. This drying of the surface of the concrete in an aggressive 
drying regime was followed by the onset of plastic shrinkage of fresh 
concrete. Plastic shrinkage, in the mixes used by Cabrera et al, occurred 
within a four hour period between 2 and 6 hours after casting, whilst the 
concrete was weak in tension.
The effect of superplasticiser on surface tension of the mix water in the 
concrete shows that the admixtures that were most effective at reducing 
surface tension also had the greatest effect at reducing the magnitude of 
plastic shrinkage and the onset of the first peak of capillary pressure. Also 
Cabrera et al propose that the addition rate of the superplasticiser can limit 
the degree of plastic shrinkage i.e. the more surface tension reducing 
admixture added to a mix the less plastic shrinkage that will occur.
As shown later in this thesis when a greater amount of admixture was 
added at the University of Surrey the onset of shrinkage was retarded but a
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high and low dose of surface tension reducing admixture produced the same 
ultimate degree of shrinkage, the latter simply developed these shrinkage 
strains more quickly. Although there was a slower shrinkage rate and a lower 
negative pore pressure developed in concretes with high admixture addition 
rates it may be that these mixes are more susceptible to plastic shrinkage 
cracking as they have a weak framework of hydrates. Although this weak 
framework of hydrates may be able to deform to accommodate these 
movements without cracking.
All the mixes tested by Cabrera et al that contained admixtures had slower 
bleed rates than the mixes with no admixtures. This could help to explain 
why plastic shrinkage cracking is able to occur in mixes that one might 
expect to resist shrinkage and therefore resist cracking. If concrete is able to 
hydrate and go from the fluid to solid state unhindered then it will pass from a 
fluid, able to deform in a homogenous manner, to a solid framework of 
hydrates, able to withstand shrinkage and reabsorb bleed water (Justnes et 
al 1996). When the hydration is retarded, by the inclusion of an admixture, 
then there is a slow formation of a network of hydrates that are neither able 
to deform in a homogenous manner as a fluid or withstand forces as a solid. 
Therefore, the retarded concrete will be slowly consolidated and gradually 
release bleed water until hydration is complete, as was found by Cabrera et 
al.
Justnes et al(Justnes et al 1996) state that when concretes^pastes of w/c 
ratio <0.4 are used an increased sensitivity to cracking is observed, in slabs, 
and it is believed that early age volume contraction (shrinkage) is the driving 
force behind early age cracking. Justnes et al attempted to overcome this 
problem by stating that “better understanding of the fundamental processes 
occurring in high performance concrete binders is required". To better this 
understanding shrinkage tests were carried out on cement pastes of differing 
composition and w/c ratio.
Shrinkage reported by Justnes et al was referred to as “total chemical 
shrinkage” which is broken into two stages, the first being “external chemical 
shrinkage” and the second being “internal contraction”. External chemical
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shrinkage takes place up to the point at which, “the network of hydration 
products bridging the un reacted cement grains is strong enough to resist the 
contracting forces”. At this point the internal contraction of pores becomes 
dominant, this may indicate the importance of understanding the build up of 
pore pressures. Justnes et al also point out the confusion in terminology 
when describing the various types of shrinkage that occur.
Justnes et al monitored total chemical shrinkage by submerging a disc of 
fresh material in a sealed flask, a manometer was attached to the top of the 
flask and this is monitored over a 48 hour period.
External chemical shrinkage was measured by submerging fresh material 
contained in a condom in a water bath. The samples were rotated under 
water to reduce erroneous results due to bleed water, this point cannot be 
stressed enough because the results of a non-rotated and rotated paste of 
w/c ratio 0.5 were shown by Justnes et al to be huge. This is due to the initial 
development of bleed water, which is then sucked back into the pores within 
the developing framework of hydration, thus causing an erroneous 
measurement of shrinkage. The weight of the samples was monitored. The 
buoyancy, or weight under water, of the samples allows the monitoring of 
shrinkage of the sample.
No test procedure was proposed to measure the internal contraction of 
pores. It may be possible to take the total chemical shrinkage and subtract 
the external chemical shrinkage to find the internal contraction pores. If there 
are only two mechanisms of shrinkage then the difference can only be due to 
the contraction of internal pores.
Due to the rotation and non-rotation of the samples being tested Justnes et 
al proposed that as the w/c ratio, of paste samples under testing, was 
reduced there was a reduction in the amount of bleed water developed. This 
was found by the difference between the results for the rotated and non­
rotated samples convergitjas the w/c ratio was reduced. Also Justnes et al 
discovered that when a finer type of cement was tested, the initial rate of 
hydration was faster.
According to Justnes et al the shrinkage against time curves for the lower 
w/c ratio pastes levelled off earlier than the higher w/c ratio pastes. This
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would appear to indicate that the lower w/c ratio pastes develop a skeleton 
earlier than the higher w/c ratio pastes. However, according to Justnes et al, 
this skeleton was not strong enough to withstand completely the shrinkage 
pressure and was more prone to cracking as the material did not deform in a 
homogenous manner. Pastes of higher w/c ratio appear to exhibit a much 
more abrupt transition from liquid to solid state therefore they may be able to 
resist shrinkage cracking better than the weak skeleton of the lower w/c ratio 
paste. The greater volumetric shrinkage strains developed by the lower w/c 
ratio pastes in general may indicate a higher propensity of these pastes to 
cracking. As the contraction that Justnes et al attribute to the contraction of 
internal pores is higher in the lower w/c ratio pastes this may indicate higher 
negative pore pressure development. However, this parameter was not 
measured by Justnes et al.
Justnes et al conclude by stating that the shrinkage of cement pastes cured 
under water saturated conditions are largely independent of w/c ratio. Also 
the chemical shrinkage of sealed cured samples against time curve matches 
the total shrinkage curve until a flattening out level is reached. When external 
chemical shrinkage is calculated in ml/100g cement the “flattening out level” 
is approximately independent of w/c ratio. When measured in volume 
percentage, increases in shrinkage with decreasing w/c ratio are evident. 
"Considering the volumetric contraction in the paste to be a driving force for 
cracking, this latter effect may contribute to the increased cracking tendency 
of high performance concrete."
2.3 Autogenous shrinkage
Cromarty et al (Cromarty et al 1967) described apparatus that measured 
length changes in fresh cement paste. Friction acting on the sample was 
reduced by floating the sample on mercury. Deformation of the sample was 
measured by an LVDT that was attached to the sample by spades and the 
temperature of the paste was measured by a thermistor. The environmental 
conditions around the sample were controlled during the test.
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The apparatus outlined is very similar to that used by Orr et al (Orr et al 
1971).
The results outlined by Cromarty et al are not comparable to the results 
found at the University of Surrey because only pastes were tested whereas 
at the University of Surrey, concrete is being tested.
The method adopted to reduce the effects of friction is very good but not 
practical due to current Health and Safety controls on the use of mercury.
Setter et al (Setter et al 1978) reported on the mechanical features of 
chemical shrinkage. The shrinkage of cement paste was monitored by 
measuring volume change and the direct measurement of linear 
displacement.
Volume change was measured by way of a column of water, i.e. the fresh 
sample was submerged under water and a column of water monitored the 
changes in size of the sample. In this case rather than reading the height of 
the water column the mass of water required to replace the diminishing 
volume of the paste was measured.
Bleed water was drained off the sample after an hour to stop erroneous 
measurements of total volume change. This practice, however, may change 
the designed w/c ratio of the material being tested and may also make 
repeatability difficult. The results published by Setter et al cannot be 
compared to the results found at the University of Surrey because Setter et 
al concentrate on cement paste rather than concrete and cement paste has 
less internal restraint to strain.
Setter et al state that, “The shrinkage development follows roughly the same 
stages in the different pastes, although the timing of each stage and its 
extent differ from one mixture to another.” Setter et al noted that the following 
pattern of shrinkage occurs, “High shrinkage velocity immediately after 
mixing followed by a period of lower shrinkage velocity, then a period of the 
highest shrinkage velocity and at last a stage of decreasing velocity of 
shrinkage until reaching a constant rate.” This is comparable to the results 
found when testing concrete, especially when considering the development 
of negative pore pressure. Setter et al explains this phenomenon by: “The
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first period of high shrinkage rate development can be attributed to the initial 
high reaction rate of cement with water. After the ettringite or other early 
hydrates, or plasticizer, have coated the cement grains, the hydration rate is 
decreased (the dormant period) and with it the shrinkage rate also. After 
some time the layer which covers the cement grains begins to break, and 
both hydration and shrinkage increase. At last, as the structure gains 
strength the rate of shrinkage decreases again.”
Tests were carried out by Setter et al on various pastes, of w/c ratio 0.3 and 
0.375, a paste of w/c ratio 0.3 and plasticizer, a paste including fly ash of w/c 
0.375 and a mortar of cement and sand of w/c ratio 0.375. When sand and 
fly ash were used these materials replaced 20% of the cement.
The results were considered in two situations. The first was taking zero to be 
the time at which the tests were started i.e. the first point it is possible to 
record results (situation 1) and the second was from the point at which final 
set was found using the results from VICAT tests (situation 2). These tests 
yielded some interesting results. When considered in situation 1 the pastes 
of w/c ratio 0.3 and 0.375 shrank 0.7% and 1% by volume respectively after 
20 hours but when considered in situation 2 both pastes showed a maximum 
shrinkage of 0.6% by volume. When comparing a paste of w/c ratio 0.3 and a 
paste of w/c ratio 0.3 and plasticizer in situation 1 the paste with plasticizer 
showed a higher shrinkage but when situation 2 was considered this was 
reversed. This implies that when using a plasticizer the majority of the 
shrinkage takes place before final set, which may reduce plastic shrinkage 
cracking problems as the material is still able to deform to accommodate 
these movements.
When cement paste and paste containing sand and fly ash were compared 
in situation 1 the two mortars showed less shrinkage than the paste, with the 
mortars being very similar. When situation 2 is considered the mortar 
containing sand showed more shrinkage than that containing fly ash and the 
pure paste, the mix containing fly ash showing the least shrinkage.
Although Setter et al showed that there are clear differences in the shrinkage 
characteristics of different mixes and admixtures therefore “meaningful 
bases for comparisons are complex." and that, “Differences appear in the
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microstructural features among the paste, but in no cases were cracks 
absent."
Setter et al could control the test environment to find the volume change 
when the material was exposed to high temperatures and high pressures 
during curing.
Geiker et al (Geiker et al 1982) monitored the early age shrinkage of normal 
Portland cement pastes of w/c ratio 0.4 to 0.8 at 20°C and a mix of w/c ratio 
0.5 at 20°C, 35 °C and 50 °C.
Geiker et al used Archimedes' laws of buoyancy to monitor shrinkage but in 
this case paraffin was used as a medium as opposed to water. The exact 
test method used by Geiker et al was not fully explained, but, Geiker et al 
state that three samples from each mix were poured into glass cylinders with 
an inner diameter of 1.5cm and a height of 0.5 to 5cm and measurements 
were taken using an electroscale. No explanation of how or at what age 
these samples were submerged is given but it is stated that the w/c ratio 0.4 
had its surface flooded with water to avoid self-desiccation. This means that 
not all the test conditions for the different mixes were the same therefore the 
results may not be comparable. The materials were also monitored for bleed 
capacity.
Geiker et al found that increasing the water-cement ratio caused an 
increased rate of development of chemical shrinkage. This seems to go 
against the findings and the conclusions of most other researchers in this 
area and those found at the University of Surrey.
Raffle (Raffle 1984) set out the theory of how non-reactive and reactive 
settling materials act. In the first instance all materials in suspension will 
settle at a rate that is dependent on their concentration and at a higher 
concentration this is usually in a hindered settling mode. Assuming the 
particles are uniform density they will move downward at a steady velocity to 
form a settled bed of touching particles. At any point in this bed where the 
particles are still suspended the pressure in the fluid phase is greater than at
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the same depth in the fluid alone. This is because of the weight of the 
immersed solids.
The theory is different when reactive powders are used; in this instance 
hindered settling occurs initially, in the case of columns the build up of 
reactive products leads to the formation of a weak self-supporting structure 
before settlement is complete. The structure can be easily disrupted by 
vibration thus prolonging the settlement period. In the case of cement and 
plaster slurries the volume of the reaction products is less than that of the 
reactants and the free water on top of the slurry is drawn back into the 
system. The author states "During this stage the pressure in the pore fluid is 
less than hydrostatic pressure at the same depth and measurement of the 
pressure gradients that are set up enables the hydration reactions to be 
monitored.”
Raffle did this by using Archimedes’ laws. Specimens were monitored with 
regard to reaction rates, skeletal volume changes and settlement rates. If 
there was no excess water over the surface of the solid then the volume 
changes will be those of the skeletal structures. In some cases this was 
difficult to obtain because of the hindered settling of the slurry leading to a 
layer of free water above the solids so that initially all that could be followed 
was the change in total volume until all the bleed water was re-absorbed. 
Raffle went on to state that “ The expansion that occurs when the ‘bleed’ 
water is fully re-absorbed may be due to a relaxation of the suction pressures 
which are relieved when the water interface breaks down and air or vapour is 
drawn into the solids.”
Parcevaux (Parcevaux et al 1984) described laboratory equipment designed 
to measure the physical properties of cement relating to zonal isolation under 
controlled pressure and temperature and cites oil well field case studies. 
These properties were shear and hydraulic bonds as well as shrinkage and 
permeability. Of these parameters the only one pertinent to the present study 
is shrinkage as all the other tests were carried out on material that was days 
rather than hours old.
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Shrinkage was measured in a pressurised cell immersed in a water bath. 
The sample was cast into a Perspex tube and the sample of cement was 
kept in contact with the rest of the cell, which was filled with water. A piston 
controlled by a pressure regulator maintained the curing pressure throughout 
the test. Displacement was measured by an LDT transducer and 
continuously recorded. Shrinkage was then calculated from volume change. 
Temperature was recorded on a dummy sample subjected to the same 
conditions.
Bulk shrinkage could be measured by a similar technique if the cement 
sample was sealed in a rubber membrane before being placed in the 
Perspex tube. Parcevaux et al do not believe this is the best way to test the 
material because of the development of free water, produced by bleeding, in 
the sealed sample which may lead to erroneous results. Again it is 
suggested that the bleed water could be removed, but in the opinion of the 
author of the current study this could change the free w/c ratio and make the 
comparison of results rather difficult.
Parcevaux et al state that shrinkage exhibits an ‘S’ shaped curve. The first 
part of the curve was described as a low slope that proceeded up to the 
cement’s maximum hydration temperature. This according to Parcevaux et al 
is the portion of shrinkage related to the development of negative pore 
pressure. There is, however, no attempt made in this report to measure pore 
pressure. The author explains the chemical processes that take place and 
the effects that these will have on the shrinkage, these being summarised as 
bullet points:
• Immediately after mixing shrinkage occurs at a very low rate because of 
minerals dissolution.
• The shrinkage rate is then very high during what is called the cement 
setting phase. This is the period during which the C3S is hydrating.
• Shrinkage then slows down during what is described as the hardening 
phase, during this period the C2S and C3A phases produce long-term low 
rate shrinkage.
Geiker et al (1982) claim to have demonstrated that each of these hydraulic 
phases develop their own shrinkage, the C2S driven phase being the
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hydraulic phase that shrinks the least and the C3A phase being the one that 
shrinks the most.
Also the monitoring of temperature change of the hydrating paste was 
thought to indicate the stage of hydration that the cement was at. “When 
cement temperature starts to exceed the test temperature, it corresponds to 
cement thickening or initial set time. When temperature reaches a maximum, 
cement is at it's final set (appearance of a cohesive structure). Early 
hardening corresponds to the next time period, during which cement 
temperature decreases again down to test temperature."
On the subject of self stress imposed on the hydrating material the author 
says, "Cement shrinkage is split between a bulk (or outer) shrinkage, and a 
matrix (or inner) one. The relative importance of these two types of shrinkage 
depends on the balance between intergranular stresses and the local tensile 
stresses which are induced by the shrinkage. Inner shrinkage creates, at the 
time of setting a secondary extra porosity, mainly made of free 
interconnected pores which enhances cement permeability”. This implies that 
the extra porosity created by the pores left during the process of inner 
shrinkage may induce internal cracking, self-desiccation as the pores dry, 
thus making the hydrated mass more permeable.
Keating et al (Keating et al 1989) studied four types of cement slurry used in 
cementing oil well casings to determine whether strength build up during the 
first 24 hours after mixing could be predicted from measurements of ultra 
sonic pulse velocity and volume change. As a method of monitoring strength 
development in a non-destructive manner the pulse velocity test was found 
to be very effective. However at a very early age, due to the continuous fluid 
phase of the material, the pulse velocity test is inappropriate. With regards to 
the present study while it is interesting to note this method of monitoring 
strength gain only the shrinkage tests results are pertinent.
The method used to monitor the bulk chemical shrinkage of the material was 
to enclose the slurry sample in a watertight membrane and then measure the 
overall volume reduction of the outer surface of the membrane. This was 
done by measuring the change in weight of the sample under water. Inner
27
Literature review
chemical shrinkage was measured by allowing the measuring fluid to be in 
direct contact with the sample, this allows the fluid to be sucked into the 
sample as the internal hydration products react and contract.
The interpretation of the shrinkage results is complicated by the presence of 
bleed water; Keating et al outlined one possible error. “When there is bleed 
water present it cannot be determined from the volume change curves by 
how much the external surface of the sample is changing volume i.e. the 
bulk shrinkage. This is because changes in weight, with bleed water present, 
only represent changes in density of the reaction products due to the neutral 
buoyancy of the bleed water." With regard to samples of low w/c ratio it was 
stated that, “most of the volume change was true bulk volume change 
because there was no bleed water present 30 minutes after starting the test.” 
Two of the samples tested showed an initial expansion during the first 20 
minutes of the test. This was thought to be due to the temperature rise within 
the slurry when the sample was placed in the water bath at 50'C.
This report concludes by stating that no correlation between volume change 
and cube strength was found.
Tazawa et al (Tazawa et al 1992) investigated the influence of water/cement 
ratio, types of cement and admixture on autogenous shrinkage, after initial 
set. Most research in this field concentrates on this phase because before 
initial set, it is very difficult to test for shrinkage due to the fragile nature of 
the material. The mechanism for autogenous shrinkage after initial set is 
described in this paper as “The combined volume of cement and water 
decreases with hydration, which results in the formation of intrinsic voids in 
the hardened paste. Then the moisture in capillary pores decreases even 
without evaporation, which phenomenon is called self-desiccation. Shrinkage 
of concrete due to self-desiccation is known as autogenous shrinkage”. This 
statement appears ambiguous in that, some papers refer to autogenous 
shrinkage as a different mechanism to self-desiccation because self­
desiccation can take place, like other forms of shrinkage, in conditions that 
are not autogenous. Therefore a review of the terms used in this area of 
investigation may need to be carried out.
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Plastic shrinkage cracking is the cracking that takes place whilst cementitious 
material is passing from the fluid to the solid state. If the conditions in which 
this takes place are autogenous, because there is no contact between the 
material and an outside medium, then plastic shrinkage and plastic 
shrinkage cracking may still take place. In my view this could be described as 
autogenous plastic shrinkage cracking. Once the material has reached the 
solid state and the free water available for hydration has been used, further 
shrinkage, self-desiccation shrinkage, can take place. This too can take 
place in autogenous conditions leading to what might be described as 
autogenous self-desiccation shrinkage. At present the term autogenous 
shrinkage is used to cover shrinkage that occurs in autogenous conditions 
and may still require further qualification, depending at which stage the 
shrinkagetakes place.
Shrinkage was monitored in a linear manner using a sample of 16cm x 4cm x 
4cm with two LVDTs penetrating the sample at both ends.
Tazawa et al found, like the present study, that there was negligible 
shrinkage recorded when a standard . OPC mix was monitored. Also 
Tazawa et al found as the w/c ratio was lowered, with the inclusion of high 
range water reducing agents, and secondary cement materials of fine 
diameter the degree of shrinkage increased.
It was also found that as the size of the sample tested increased, the 
recorded shrinkage was of a smaller magnitude.
The restraining effect of aggregate in concrete was also measured and it was 
found that concrete with higher aggregate fractions shrank less than mortar 
or concrete with low aggregate fractions. Also found was that autogenous 
shrinkage could be “effectively decreased by the addition of drying shrinkage 
reducing agents or expansive admixtures."
Mejlhede et al (Mejlhede et al 1995) looked at the shrinkage of cement 
paste only. The cause of autogenous shrinkage is described by Mejlhede et 
al as the result of several physical and chemical phenomena in the 
hardening cement paste and self-desiccation is given as an example of this.
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A brief review of two techniques of shrinkage measurement used by 
Mejlhede et al and advantages and disadvantages of these methods were 
put forward.
Mejlhede et al describe a dilatometer developed for the measurement of 
autogenous shrinkage deformation. This is a direct method of measuring 
length change of a sample. Specimens are placed into corrugated tubes, 
which are fixed at one end, and an LVDT measures the movement at the 
free end. Friction may be an influencing factor on the results gained using 
this method.
In 1996 Mejlhede et al published another report showing results gained using 
this apparatus.
Mejlhede et al (Mejlhede et al 1996) went on to report that there is a link 
between the behaviour of the moisture, or humidity, and the external 
deformation of a mass of cement paste. The effects of silica fume addition 
on autogenous deformation and change of the relative humidity within the 
pores is the focus of this report. Mejlhede et al discuss the various terms 
being used to describe the phenomenon of shrinkage and then clarifying the 
terms used in the report.
The assessment of changes in relative humidity within the paste started after 
8.5 hours by crushing the hardening material and placing in a relative 
humidity measuring cell. Autogenous relative humidity change was 
monitored for two weeks. However, as this test was started so long after the 
introduction of water to the cement it is not of interest to the presentTonly the 
first 24 hours is of interest for the present study. Autogenous shrinkage was 
measured using a specially designed dilatometer and was commenced 1 
hour after the addition of water. This test was carried out at 30°C.
Mejlhede et al concludes, “The test results show that silica fume dosage has 
considerable influence on the autogenous deformation and on the 
autogenous relative humidity change of hardening Portland cement paste. 
Silica fume addition markedly increases an autogenous shrinkage as well as 
an autogenous relative humidity change.
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Closer analysis suggests that the observed autogenous relative humidity 
change is due to self-desiccation and the presence of dissolved salts. The 
associated autogenous deformation after setting consists of self-desiccation 
shrinkage and shrinkage due to microstructural disappearance of a 
restraining component."
Tazawa et al (Tazawa et al 1997) assessed the effects of cement type, 
water/binder ratio and volume concentration of aggregates on autogenous 
shrinkage. Two drying shrinkage reducing admixtures and four types of 
expansive admixtures were also tested by Tazawa et al.
Tazawa et al presented definitions for some of the mechanisms associated 
with shrinkage. Chemical, or Le Cha> teller, shrinkage was defined as the 
absolute volume of cement plus water decreasing as hydration takes place. It 
is believed by Powers (Powersi 935) that by measuring the chemical 
shrinkage of each mineral within cement the overall chemical shrinkage for 
any cement can be predicted.
Self-desiccation was defined as the formation of intrinsic voids increasing 
after the framework of hydrate is formed by setting, when no extra water is 
applied to cement paste.
Autogenous shrinkage was described as the, “Macroscopic volume reduction 
of hardened concrete caused by cement hydration, which is not caused by 
external load, moisture movement to or from the surrounding environment, 
temperature change, or carbonation”. This definition would imply that 
autogenous shrinkage only takes place when the concrete or paste has 
reached the ‘hardened’ state. The research herein concentrates only on 
early age autogenous shrinkage.
The main body of the work carried out by Tazawa et al is on hardened paste 
or concrete, but some work was carried out on samples after initial set and 
up to 24 hours. Due to the small scale of volume reduction attributed to 
autogenous shrinkage the phenomenon has been largely ignored. With the 
introduction of low w/c ratio concretes and the inclusion of supplementary 
cementing material the magnitude of autogenous shrinkage has increased 
making it a much larger problem and it is now vital that it is understood.
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Tazawa et al measured the shrinkage of the cement paste by casting it in 40 
X 40 X 160mm moulds. Formed styrol was used to reduce friction and the 
distance between two plugs was measured to assess shrinkage. Concrete 
was tested in 100 x 100 x 1200mm wooden moulds with a formed styrol 
base; shrinkage was measured by embedded strain gauges of low stiffness.
It was found, by Tazawa et al, that for mixes with water / binder less than 0.3, 
autogenous shrinkage was initiated at the time of final setting and as water / 
binder ratio was reduced shrinkage strain increased. Tazawa et al explain 
that, "Capillary pressure due to self-desiccation is thought to be the driving 
force to generate autogenous shrinkage. The pressure increases with the 
decreasing water cement ratio, because of the meniscus in the capillary 
water decreases (Wittmann 1976) and this effect is dominant for cement 
paste at early ages. At the later ages, however, the modulus of elasticity 
increases, and both the capillary force and the resistance against it are 
important factors. Furthermore, hydration of cement paste at low water to 
cement ratio is delayed at later ages.” Tazawa et al did not measure this 
negative pore pressure but the present study at the University of Surrey is 
measuring this parameter.
The inclusion of a supplementary cementing material was found to increase 
the degree of autogenous shrinkage when compared to plain Portland 
cement. The presence of aggregate particles^concrete served to reduce the 
shrinkage of the paste and this reduction increased as the volume of the 
aggregate fraction was increased.
The conclusions drawn by Tazawa et al were;
• Autogenous shrinkage of concrete increases with a decrease in w/b ratio 
and when the w/b ratio was reduced as low as 0.17, with the inclusion of 
supplementary cementing material and a superplasticiser, the greater 
part of the shrinkage in the dried condition was attributed to autogenous 
shrinkage.
• The composition of cement has a greater influence on autogenous 
shrinkage than on drying shrinkage and autogenous shrinkage increases 
with an increase in C3A and C4AF content.
• Autogenous shrinkage increases when a fine supplementary cementing 
material is included in a mix.
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• Some types of admixtures are effective at reducing autogenous 
shrinkage. These include water-repellent-treated powders and expansive 
admixtures. These are thought to decrease capillary pressure by 
increasing the contact angle from 47.5° to 115.3°. Surface tension 
reducing admixtures also reduce the capillary pressure and this is 
thought by Tazawa et al to imply that, "the surface tension of capillary 
water is the driving force of autogenous shrinkage”, but this is purely 
circumstantial as no capillary pressures were measured by Tazawa et al.
Hua et al (Hua et al 1995) developed a mathematical model to predict the 
degree of shrinkage that will be exhibited by a cement paste. The shrinkage 
investigated is due to self-desiccation and autogenous shrinkage. Hua et al 
state that having studied the phenomena linked to hydration and self­
desiccation that, “capillary depression is the main origin of the autogenous 
shrinkage of a hardening paste.” Based on this mechanism modelling on the 
macro scale was undertaken for a cement paste of w/c ratio 0.42. Laboratory 
tests to assess the actual shrinkage of the material were also carried out and 
a satisfactory agreement between actual and predicted shrinkage was found. 
The work carried out and the model developed was for material that had 
been cast for 24 hours and for this reason the work carried out by Hua et al 
is not particularly pertinent to the present study.
2.4 Plastic shrinkage cracking / cracking
Samman et al (Samman et al 1996) compared the cracking tendency of 
concretes of various w/c ratios subjected to different drying conditions. The 
mixes tested by Samman et al varied from w/c ratio 0.7 to w/c ratio 0.25, the 
lowest containing silica fume. The drying conditions were indoors, outdoors 
with no wind and outdoors with wind.
It was discovered that all material cured indoors showed no signs of 
cracking. When the samples were cured outside without a wind, all, with the 
exception of the mix of w/c ratio 0.7, showed signs of cracking and the 
cracked area increased as the w/c ratio decreased. Cracks were observed in 
all mixes, without exception, cured outside and subjected to a wind, again
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the cracked area increased as the w/c decreased. In all cases when cured 
outside with wind cracks began to appear within the hour.
Cracking is associated with conditions such that the rate of bleeding is lower 
than that of evaporation. In higher strength concretes both the cumulative 
water loss and the maximum rate of evaporation is less the lower the w/c 
ratio of the mix. Presumably mixes of higher w/c ratio are able to bleed 
enough water to the surface and "remain mobile and semi-plastic to avoid 
cracking”.
Bloom et a! (Bloom et al 1995) compared the shrinkage of normal and high 
strength concretes under restrained and unrestrained conditions. The test 
method outlined in this study allowed fresh material to be tested in different 
environments, some being more aggressive than others.
Bloom et al cast the material under test into a mould within the test 
apparatus. Loads could be applied directly to the material due to the dumb­
bell shaped design of the mould, a 2mm gap in the sides of the mould acted 
as an expansion and contraction joint and allowed the material to hydrate 
without restraint. One end of the sample was fixed in place whilst the other 
was free to move. Both unrestrained and restrained shrinkage could be 
monitored by simply allowing the material to hydrate and monitor it's 
deformation. By monitoring the load required to stop the material deforming, 
the stress generated by shrinkage could be monitored, as could the restraint 
required to crack the sample. A dial gauge at one end of the sample 
monitored deformation.
The parameters measured were the effect of lowering the w/c ratio from 0.5 
to 0.33, the influence of silica fume and curing conditions. By observing the 
rate of curing it was found that the curing conditions had no effect on the 
speed of hydration. In the case of the free shrinkage of sealed samples it 
was found, as at the University of Surrey, that at a w/c 0.5 a slight expansion 
was observed and as the w/c was lowered shrinkage was found. It was felt, 
by Bloom et al, that these shrinkages were due to internal self-desiccation as 
no loss of weight was detected so therefore it can be assumed that no water
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loss took place. When exposed, all the samples exhibited shrinkage 
including the 0.5 w/c, which exhibited the largest drying shrinkage curve. 
When the samples were covered and cured properly under restrained 
conditions no cracking occurred. When restrained and cured in an 
aggressive environment the highest restrained stress was exhibited by the 
concrete of w/c 0.33 that failed at 8 hours. The concrete of w/c 0.4 failed 
after 36 hours and the concrete of w/c 0.5 did not fail but did develop surface 
cracks. When silica fume was introduced to the mix of w/c 0.33 it was found 
that the curing condition did not effect the rate of hydration. The presence of 
the silica fume did accelerate the setting time when compared to the 
hydration of the mix of w/c 0.33 without silica fume. When Bloom et al tested 
the free shrinkage of the 0.33 w/c mix containing silica fume in a covered 
state the shrinkage was found to be similar to the covered plain Portland 
cement w/c 0.33 mix. The exposed 0.33 w/c mix shrank to a much higher 
degree than any of the other mixes and the exposed samples containing 
silica fume also failed earlier than the plain mix. The covered silica fume 
samples did not fail but developed significant stresses. The gap between the 
stresses within the plain and covered 0.33 w/c mixes lessened after five 
days. This could lead to more cracking in the exposed concrete as at an 
earlier age there is not as much strength within the material to withstand 
these stresses.
Higher rates of superplasticiser were found to delay the onset of hydration. 
This may explain why the plain mix hydrated at a faster rate than the 
superplasticised mix.
There follows a section of the report by Bloom et al that is particularly 
relevant to the present study:
“The major objective of the present work was to clarify those compositional 
parameters in high-strength concretes that may increase sensitivity to 
shrinkage cracking. However, it might be of interest to resolve some of the 
common features in systems where plastic cracking occurred. In all 
instances, time of cracking was only slightly greater than initial setting time, 
as determined by the Proctor test.
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Table 2.1 - Setting and cracking times
Water-binder ratio 0.33 0.33 0.40 0.40
Binder PC SF SF SF
Superplasticizer 
content, percent^
2.5 3 1.8 3.0
Curing"^ EX EX EX EX
Setting time, hr 5.0 3.8 2.5 4.5
Time of cracking, hr 7.0 4.0 2.5 5.0
PC = Portland cement; SF = silica fume.
^Percent of cement by weight.
^EX = Exposed.
This observation concurs with the results and hypothesis, relating cracking to 
two competing mechanisms that become effective immediately after setting:
a) shrinkage at the initial setting period occurs in a somewhat stiffer material, 
and therefore stresses are generated (contrasting with shrinkage in the fresh 
material, where stresses easily dissapate)
b) tensile strength of the material being developed at the period of initial 
setting should be sufficiently high to accommodate tensile stresses, 
otherwise cracking and failure will occur.
Obviously all the specimens in Table 2.1 failed, because the shrinkage 
strains generated at the stage of setting were sufficiently high to lead to 
restraining stresses greater than their strength. The common feature of all 
specimens in Table 2.1 is that they were of much higher free-shrinkage 
potential, than normal concrete. This is paticularly true for concretes with 
silica fume, where free shrinkage of exposed concretes at 6 hr was in the 
range of 4 x 10'  ^to 5.10'^, compared to about half or less than that in other 
concretes." (sic).
From Table 2.1 it can be seen that concrete mixes containing silica fume 
cracked before plain concrete. This may be attributed to the accelerating 
effect that silica fume has on setting time. The 0.33 w/c mix containing silica 
fume exhibited a similar free shrinkage capacity to the plain 0.5 w/c mix, 
although the latter did not crack. This may be attributed to the slower rate of
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development of restraining stresses in the latter mix despite its faster setting 
time. Bloom et al state, “A possible explanation is that, in the first 12 hrs, 
shrinkage rate is higher in 0.33 w/c ratio concrete, and this is the critical 
strain parameter to be considered. At this stage, accelerated shrinkage in 
0.33 w/c ratio concrete may be related to the finer pores from which water is 
removed immediately after drying is initiated.”
The thrust of the discussion presented by Bloom et al indicates that the low 
w/c and w/b ratio mixes are more sensitive to cracking within the first 7 hours 
after placing. This is due to the restraint to the large free shrinkage strains 
developed by such mixes. The setting time is the determining factor with 
regard to the time of the onset of cracking. As setting time is accelerated by 
the presence of silica fume the time of cracking is also accelerated.
Bloom et al state that in the case of 0.4 w/c concretes, free shrinkage 
potential of an exposed system without silica fume at an early age is 
considerably smaller than for systems with silica fume. This may be why the 
latter exhibited plastic shrinkage cracking within 5 hours after casting 
whereas the former survived this period without cracking. Of this Bloom et al 
state, “This result implies that there may be some borderline of w/b, below 
which plastic-shrinkage cracking may occur in both silica fume and Portland 
cement concretes. In mixes with w/b at the borderline, plastic-shrinkage 
cracking may occur only in silica fume concrete, but not in Portland cement 
concrete.” the author continues, "Results of the present study indicate that, 
for a sufficiently low w/b of 0.33, both types of concrete are sensitive to such 
cracking.”
The only limitation that may be associated with the apparatus presented by 
Bloom et al is the size of the mould used. This was 40 x 40 x 1000mm which 
means that the mixes tested had a smaller maximum aggregate size than 
concrete used in industry. Also friction in the apparatus may effect the free 
movement of the sample.
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2.5 Stress-straln relationships in very early age concrete
Very few authors have carried out carried out tests in to ascertain the 
relationship between the strength development and strain capacity of 
hydrating concrete with relation to plastic shrinkage cracking. Most of those 
that have been found have concentrated on mortars rather than concrete.
Ravina et al (Ravina et al 1968) presented a paper in response to the 
cracking problems that had been encountered in concrete slabs in hot 
climates.
The thrust of this report was to ascertain the variables that promote cracking 
in mortars. The variables tested were; air temperature and humidity, wind 
velocity, mortar temperature, type and content of cement, and consistency. 
These variables were measured by monitoring the following parameters; 
shrinkage, tensile strength and tensile stress, evaporation and time of 
cracking. The width, depth and length of the cracks were measured. The 
mortar was tested in both the plastic and semi-plastic state.
Test techniques were as follows:
To measure plastic shrinkage cracking a mortar slab of 650 x 800 x 70mm 
was cast and this was restrained around its circumference, an open area of 
450 X 600mm was created in the centre of the slab. This was observed for a 
period of 5 hours or for 1 V2 hours after the appearance of the first crack.
To quantify the shrinkage taking place mortar prisms of 70 x 70 x 280mm 
were cast and readings taken at a gauge length of 230mm at 30 minute 
intervals.
A method similar to that used to measure the ductility in bituminous materials 
was employed to measure tensile strength. Friction was eliminated by 
casting a sample into a split mould, of internal dimensions 200 x lOOx 
100mm. Half of the mould was fixed and the other half was wheeled and 
allowed to move freely in the lateral axis. This method of friction elimination 
may not be efficient as there will always be a level of friction in the system, in 
the bearings and at the tangential point of contact between the wheel and
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runners. A proving ring was used to determine the force required to rupture 
the sample.
Tensile stress, or internal tensile stress generated during hydration, was 
measured by casting a sample of dimensions 70 x 70 x 280mm and using a 
proving ring to assess the amount of force required to stop the sample from 
deforming.
This report concentrated solely on mortars. The scope of the report was to 
test hydrating cement and identify the causes of plastic shrinkage cracking. 
However, in the introduction it is said that other authors had alluded to plastic 
shrinkage cracking being caused by differential settlement of fresh concrete 
caused by obstacles such as large aggregate particles or the reinforcement 
as well as evaporation. Without testing concrete this supposition may not be 
fully investigated. I would also criticise the method of testing the tensile 
strength of the hydrating mortar as it does not fully eliminate the effects of 
friction.
From the results the author inferred that “rapid evaporation had a 
predominant effect on plastic shrinkage cracking”. Other conclusions were 
that, “plastic shrinkage cracking is not a direct function of water loss, 
evaporation rate or shrinkage", even though, “semi-plastic mortar did not 
crack under the high evaporation conditions which brought about severe 
cracking of plastic and wet mortars”. The reason that rapid water loss is 
disregarded as having a predominant effect is that, “Observation of the slabs 
in the present work showed that cracks regularly appeared V2 to 2 hours 
after evaporation of all the visible water from their surface. No correlation 
between bleeding and cracking was found.” This contradicts the supposition 
set out by Wittman (Wittman 1976) that water loss is the driving force behind 
plastic shrinkage cracking.
Kasai et al (Kasai et al 1971) identified the need to understand the tensile 
properties of concrete at an early age, as opposed to a mortar, and the need 
to develop a test technique to generate tensile stress-strain curves for early 
age concrete. The author states that, “The tensile properties of early age
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should be studied to obtain information on the mechanisms of cracking, 
deformation and tensile creep of premature concrete."
The test technique outlined by Kasai et al attempted to reduce friction by 
placing the sample on a base that was backed with Teflon which was then 
placed in contact with another Teflon covered surface. To reduce the point of 
contact between these two plates cuts were made in the Teflon under the 
area being tested. Friction was not fully eliminated but the effects of friction 
on the samples was standardised and deducted from the results found when 
testing specimens.
The sample is not left in a mould when placed in the test apparatus therefore 
it must be at an age where it will keep its integrity without support. Load is 
applied through plates screwed to each end of the sample, so again the 
material must be stiff enough to allow the transfer of a load through the 
material. The load was applied at both ends and the specimen pulled apart. 
Results were shown for concrete two hours old, at which age it would be 
imagined, depending on the mix proportions, to still be quite fluid. This 
therefore contradicts the assumptions made about requiring a certain level of 
rigidity within the material being tested.
Strain measurements at very early ages, that is before 6 hours, were found 
by Kasai et al by using a comparator and after this wire strain gauges were 
used.
The findings of the research herein are similar to those of Kasai et al. It was 
stated by Kasai et al that the time at which the stress is at a maximum the 
strain is at a minimum. Kasai et al found that after 3 hours there was a loss 
in strain capacity.
It is stated by Kasai et al that the development of early strength is dependent 
on the cement type used and is a function of water cement ratio.
Orr et al (Orr et al 1971) used a very similar to the method used by Cromarty 
et al (Cromarty et al 1967). Orr et al concentrated on mortars up to eight 
hours old so their work is therefore pertinent to the present study. The 
apparatus described by Orr et al was designed because Orr et al felt that, “to 
date, efforts appear to have concentrated on the measurement of changes in
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length due to shrinkage of unrestrained specimens. For a better 
understanding of when shrinkage cracking is likely to occur, however, 
measurements of shrinkage forces in restrained specimens are more 
appropriate. Accordingly, the apparatus described in this paper has been 
designed to measure such forces. In addition provision has been made for 
the measurement of linear shrinkage and for carrying out of direct tension 
tests”.
Orr et al state that plastic shrinkage cracking is a phenomenon that is not 
well understood. However, it is influenced by the evaporation of water and 
that it is possible to use retarders to provide additional time for working the 
surface of the concrete. This may allow the closing of surface cracks at least, 
but, these retarders may “actually promote the formation of shrinkage cracks 
by adversely affecting the development of strength while not influencing the 
development of shrinkage stresses”. Also stressed is the fact that the 
materials response to internal changes are different to those due to 
application of external loads in that, “in the absence of restraint, strain takes 
place without stress, or if the material be totally restrained, stress Is 
developed without strain.” Orr et al go on to say “Whatever the cause, 
cracking constitutes a failure of the bonds holding the material together and 
hence its occurrence indicates the presence of disruptive forces within the 
material which exceed its strength”. This may imply that plastic shrinkage 
cracking occurs in concrete due to the restraint on the free movement of the 
cement matrix, due to aggregate particles or reinforcement 
In designing the equipment Orr et al decided that evaporation dictates the 
amount of shrinkage that takes place and therefore an environmental 
chamber was constructed. The test apparatus used by Orr et al was similar 
to the apparatus used in the present study. However, friction was eliminated 
in a different manner, and the shape and size of the samples tested were 
different. Friction was eliminated by casting the sample of mortar, on a 
6.5mm deep pond of mercury, in a “dumb-bell” shaped mould 6.5mm deep. 
The sides of the mould were removed and a test section of 6.5 x 25 x 
150mm was exposed, the gauge length being 150mm.
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Floating the sample on mercury was a very efficient method of eliminating 
friction but would not allow the testing of large samples. Three tests were 
carried out using this apparatus. Linear shrinkage of the mortar was 
measured, this was done by setting up a linear transducer the length of the 
apparatus supported at both ends, from this a “spade” was embedded in the 
free end of the sample and the movement was recorded. The sample was 
assumed to be unrestrained.
Shrinkage force was measured by the load imposed on an in-line a load cell 
as a sample was restrained and allowed to hydrate naturally for a six-hour 
period.
Direct tension tests were carried out by imposing a tensile load to the sample 
and measuring the load and change in length at ages V2 to six hours after 
placing. The results and conclusions published by Orr et al are very similar 
to those found at the University of Surrey in that, “The point of interest on the 
load curve was that at which the specimen began to crack and this was 
assumed to coincide with the point of maximum force although cracking was 
not actually observed until shortly after this load had been reached”. Also the 
magnitude of the results are comparable to those found at the University of 
Surrey even though Orr et al tested mortars rather than concretes.
Pigeon et ai (Pigeon et al 2000) developed apparatus which was able to 
evaluate the visco-elastic deformations that can occur when concrete is 
placed in a fully restrained environment immediately after mixing. The 
apparatus consisted of two devices; one to measure free autogenous 
shrinkage immediately after mixing and another, which included a moveable 
head, to determine the increase in load due to autogenous shrinkage, 
immediately after mixing. The apparatus consisted of a 50 x 50 x 500mm 
dumbbell shaped sample, although the device to measure free autogenous 
shrinkage had only one end in the shape of a dumbbell, the other being 
squared off. In the equipment with the moveable head the specimen was 
allowed to contract, or, swell freely until it reached a predetermined strain, at 
which point a force sufficient to pull, or push, the sample back to it’s original 
length was applied. This allowed the determination of the stress build-up in
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the specimen as a function of time and also allowed the determination of the 
visco-elastic deformation (and thus the stress relaxation) in the restrained 
shrinkage specimen by subtracting, at any given point in time, the cumulative 
sum of the strains in the restrained specimen from the free shrinkage 
specimen. Only the results of one test on a mortar sample were actually 
published by Pigeon et al but it is thought that this apparatus could be used 
to test concrete specimens too. Strain was measured by embedding a fork 
shaped spade, which was attached to a direct current displacement 
transducer, into the fresh material under test. Stress and displacement were 
measured every 2 minutes and testing began four hours after placing.
During this four hour period, according to results found during the present 
study, a lot of shrinkage strain may have already developed, depending on 
the material under test. Friction was reduced to allow free movement of the 
specimens by the use of Teflon sheets, although the Teflon sheets removed 
some friction there was still some friction present, this may have affected any 
results found.
It was shown by Pigeon et al that 45% of all free shrinkage takes place within 
the first 24 hours after placing. This percentage may be greater if the 
shrinkage over first four hours were measured. Creep deformation, which 
represented approximately 70% of the total free shrinkage, was recorded 
after only 16 hours. It was thought, by Pigeon et al, that these high values of 
creep, recorded in the first 24 hours, were due to the fact that the stresses 
that were generated during this period were low but the deformations 
recorded were quite high. This would seem to indicate, to the author of this 
thesis, the mortar tested would have maintained a relatively high strain 
capacity and gained strength slowly.
Pigeon et al cited the creep component of the hydration process as the 
parameter that determines whether a concrete mix will be susceptible to 
cracking. The author of this thesis would agree with this supposition but the 
equipment being used for the present study cannot measure creep 
satisfactorily so this parameter cannot be measured at the University of 
Surrey.
43
Literature review
2.6 Ring Tests
Dahl et a! (Dahl et al 1985) explains the early age cracking tendency of 
concrete by saying, “If concrete is affected by stress/tension which exceeds 
the tensile- and flexural strength achieved by the concrete, surface cracks 
will occur. In the beginning of - and during the period of initial hardening 
(“green” concrete) the fracture stress of the concrete is going through a 
minimum, while the tensile strength is low.
Tensile strength/ 
fracture stress
A Tensile strength
“Green”
concrete Fracture
stress
■ >
Time
-iqure 2.2 Principle of stress and tensile strength development of concrete at 
an earlv stage (After Dahl 1985)
It is therefore understandable why concrete cracks easily at this stage.
Plastic shrinkage is a common cause for cracking in the first hours after 
casting.
The cracks exhibit a non-regular pattern and may be both wide and deep 
particularly in especially thin slabs.
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Cracks occur preferentially in dry windy weather, that is conditions leading to 
extensive drying of the concrete." (sic).
it is not clear from Figure 2.2 why the fracture stress curve begins at the 
point it does. Surely it should start at a minimum and increase over time, not 
start high then reduce and then show a stress increase.
A test method for the quantitative study of crack growth in mortar and 
concrete was developed at the Cement and Concrete research institute in 
Trondheim. The method was based on ring samples of 80mm in height with 
inner and outer diameters measuring 280 and 580mm respectively. The rings 
were secured to an oiled and smooth, usually melamine covered, base. The 
mortar or concrete was then cast in between the untreated inner and outer 
rings forming an annulus. Twelve untreated 5mm wide ribs penetrate 30mm 
into the annulus from the outer ring thus restraining shrinkage of the ring.
The rings were placed into what were described as “moderate" drying 
conditions in a wind tunnel of 20"C, 40% relative humidity and wind speed of 
4 m/s. Water loss was also measured.
The work carried out by Dahl investigated the influence of three types of the 
polypropylene fibre, Fibermesh, on the plastic shrinkage and cracking 
tendency of mortar and concrete exposed to early drying. It was found that a 
moderate dosage of fibres reduced the amount of cracking seen in the test 
specimens and this favourable effect increased as the dosage increased. It 
was also concluded that there should be an adjustment in fibre length made 
for the largest aggregate size.
The crack development was observed for a 24 hour period. Crack 
development in concrete and mortar started 2-3 hours and 2 V2-4 V2 hours, 
respectively, after the commencement of drying. This continued for a period 
of 2-3 hours, although one mix continued for a prolonged period. After this 
period no new cracks were observed.
A ring test to compare the effect of the fibre reinforcement against the effect 
of traditional steel net type reinforcement was also carried out. The results 
obtained using this test method were ambiguous and it was felt that the ring 
test was not suitable for this comparison. The slab test outlined later in this 
review may be more suited to this test.
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Hammer et al (Hammer et al 1987) used two test methods to monitor the 
restrained shrinkage cracking tendency of fresh concrete containing various 
fibres at various rates of addition. Water loss was also monitored. The 
method used by Hammer et al of interest to the current research is the ring 
test. Hammer et al put three rings in a wind tunnel with a wind speed of 4m/s, 
temperature of 20°C and a relative humidity of 40% these were considered 
to be moderate conditions. The mixes tested had a “relatively high potential 
for shrinkage and cracking”.
Of the three rings cast, two contained fibres and the middle ring was left 
plain and used as a reference to monitor the effects of the fibres, with 
regards to reducing cracking. The results found by Hammer et al showed 
that none of the samples containing fibres exhibited extensive cracking on 
the underside of the sample. It was shown that crack widths were reduced by 
more than 67% for all fibre reinforced concretes and for those containing 
high quantities of plastic fibres (0.3-0.5%) there was almost no cracking. It 
was concluded by Hammer et al that “with the same quantity of fiber (0.5%), 
plastic fibers showed more favourable effects than the steel fibers”, and “To 
achieve the same reduction of the crack widths, there is a need for a higher 
amount of steel fibers than plastic fibers.”
Another observation made by Hammer et al was that the air content of the 
concrete sample rises with the addition of fibres with the exception of Dramix 
steel fibres.
Bentur et al (Bentur et al 1990) wrote about the generalities and theories of 
fibre reinforced concrete and mentions the ring tests as reported by Dahl. 
The author states that although this method can be used to compare 
reference mixes to fibre reinforced mixes, by quantifying and comparing 
crack widths, the effects of these parameters in relation to “field performance 
have not yet been evaluated satisfactorily".
It is also said by Bentur et al that although the concepts behind the ring tests 
are simple it has not yet been developed to a recognised standard and that 
additional work regarding reproducibility and again correlation with field 
performance is required.
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Nielsen et al (Nielsen et al 1990) assessed the effects of varying quantities 
of Danaklon fibres on restrained plastic shrinkage cracking. The fibres were 
made of polypropylene and had a diameter of ISpm and length of 12mm. 
Nielsen et al provided restraint to shrinkage by using the ring moulds 
described by Dahl (1985). The air speed used was 7 m/s, at 24-25°C and a 
relative humidity of 36-40%. The change in the consistency of the fresh 
concrete was also measured by Nielsen et al and showed only marginal 
changes in workability. How the change in consistency was measure was not 
said. Water loss was also measured and showed that the rate of drying 
decreased with an increase in the quantity of fibres.
Cracks appeared in the rings between 1-4 hours. The average crack widths 
within the rings were measured after 24 hours and an average value 
determined. It was found that addition of fibres “proves obvious capabilities 
of preventing cracks”.
Microsections were taken from four of the rings and examined for micro 
defects, and it was found that the higher addition rates of Danaklon fibres 
“influenced favourably the number of micro defects”.
Balaguru et al (Balaguru et al 1992) described the ability of fibre 
reinforcement to improve the tensile strain capacity of fresh concrete and 
therefore reduce cracking of restrained concrete slabs. Balaguru et al also 
stated that all plastic shrinkage cracking occurs in the first four to six hours 
after casting and that the effects of drying shrinkage can continue for about 
40 days. “The addition of small quantities of polymeric fibers was found to 
decrease cracking considerably. This reduction in plastic shrinkage cracking 
is the primary motive for using polymeric fibers in concrete”.
Two test procedures were proposed by Balaguru et al to monitor the 
development of plastic shrinkage cracks. The first was a “plate test” which 
Balaguru et al considered very artificial so was not considered for the present 
study, the second was the ring test.
Balaguru et al used a wind speed of 4 m/s but an unknown temperature and 
relative humidity. To quantify the effects of fibres crack areas of the plain and 
reinforced matrices were compared.
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The effects of various quantities and types of fibre were also compared using 
the "plate test”. Again an increase in fibre volume corresponded to an 
decrease in the cracked area. For a given volume of fibres the finer fibres 
and those with a low modulus were found to produce better results but no 
explanation for this is presented. It maybe stated, however, that the 
presence of the fibres could provide more restraint, which will lead to less 
shrinkage. Fibre count and stiffness for both shorter and longer fibres were 
found to have the same influence with regard to crack reduction, whereas 
coarser and stiffer fibres showed smaller crack reductions. Although the 
shorter fibres used had much higher length/diameter ratios, the longer 
coarser fibres were found to be more effective in leaner mixes.
With regard to steel fibres Balaguru et al states that steel fibres are typically 
used to “improve the ductility of the hardened matrix and other mechanical 
properties such as fracture toughness” and the reduction of plastic shrinkage 
is “an added advantage”. Steel fibres were found to be more effective at 
reducing restrained drying shrinkage”.
A theory proposed by Balaguru et al as to why the inclusion of fibres reduced 
plastic shrinkage cracking was that the fibres “could possibly aid the release 
of surface tensions and provide enhanced tensile strength during the early 
part of hydration”. This section was peppered with warnings that not enough 
tests had been carried out to provide definitive results and therefore the 
results presented were not reliable. Balaguru et al finished by stating; “The 
basic phenomena have not been studied in enough depth to propose even 
an empirical approach for the prediction of crack reduction provided by the 
fibres”.
Kovler et al (Kovler et al 1992) assessed free and restrained shrinkage. The 
difference between the free shrinkage of a plain concrete and one containing 
fibres was reported to be 10%. However the author of the present study feels 
that this small reduction of free shrinkage alone would not greatly affect the 
material’s ability to withstand restrained plastic shrinkage cracking.
Restrained shrinkage strain was measured by Kovler et al by casting the 
concrete in a ring and placing this in a wind tunnel. However, in this case the
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dimensions of the rings were different from those used by Dahl et al, the 
external diameter being 236mm and the internal diameter varying between 
125 and 187mm. The internal core was made of either Perspex or steel. The 
weight loss of the samples was also measured. The environment within the 
tunnel was 30®C, a relative humidity of 40% and wind speed of 
approximately 3m/s. Three types of polypropylene fibres were tested. Cracks 
were identified using a 33  ^optical microscope.
The results presented by Kovler et al show that in the addition range of 0 -
0.2% by volume of fibres there was no marked influence with regard to time 
of initial cracking but there was a considerable reduction in crack width with 
time. At the addition rate 0.3 - 0.5% no cracks were observed. The addition 
rate used in the present study is only 0.1%.
One of the conclusions drawn by Kovler et al was that a “low volume of 
polypropylene fibres was found to be extremely effective in suppressing 
restrained shrinkage cracks in fresh concrete (exposed to drying immediately 
after casting) but it could not eliminate restrained shrinkage cracks in 2 days 
cured concrete, but only reduce their width”.
Littleton (Littleton 1992) used the method proposed by Dahl (Dahl 1985), to 
study the growth of cracks due to plastic shrinkage cracking. The test 
conditions used by Littleton were 20“ C ± 2%, relative humidity of 55% and 
wind speed of 7 m/s. Water loss was also monitored. The cracking of a 
concrete slab under the same conditions was also monitored.
The plain concrete used in the ring samples, mix details of which were 
omitted from the published report, began to crack at 2-3 hours after placing 
and continued to crack over the 24 hours of the test procedure. No cracks 
were observed in the rings of concrete containing Fibrin 23. In the 50mm 
slab there was an 88% reduction in the cracking when Fibrin 23 was used. 
When a 62.5mm slab was tested no cracking in either material was 
observed, although there was marked “crazing of the surface of the plain 
material.”
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Balaguru (Balaguru 1994) used a rectangular slab to evaluate the effects of 
fibres on reducing plastic shrinkage cracking. Balaguru et al state that “Ring- 
type specimens were found to be quite useful for evaluating hardened 
concrete”. The findings of Balaguru are still relevant to the present study as 
this is simply a different method of monitoring the same parameters. The 
parameters tested were fibre type, mix composition and test method. An 
accelerating admixture was added to some of the mixes to increase the 
temperature of hydration and thus possibly encourage cracking. The testing 
environment was in a wind tunnel that generated a wind of 3-6 m/s, it was 
found that the higher wind velocity did “improve” the cracking to a significant 
extent.
Cracks began to develop 3-3V2 hours after casting and the cracking process 
appeared to be complete after 8 hours. The cracked area of the control 
panel, containing no fibres, was taken as 100% and the others were 
expressed as a percentage of this. All measurements were considered 
approximate and this is considered a “strong draw-back” when trying to 
measure crack area.
The results of the tests showed that.
• Increasing fibre content led to an improved performance, with regard to 
reducing average crack area.
• If a mix is prone to cracking, the fine fibres will have more effect. If the 
matrix is not particularly prone to cracking but may crack a little, loading it 
with fibres may not necessarily stop cracking completely whereas a matrix 
highly prone to cracking may, with the introduction of fibres, show a much 
greater decrease in cracked area. This is probably a function of the 
packing of the matrix, the more tightly packed i.e. more dense the matrix, 
the more grip on the fibres - greater bond strength which will transfer a 
greater stress to the fibres. This may mean fibres are less effective at 
reducing cracks in leaner mixes. Longer fibres are more effective at 
reducing cracking in leaner mixes.
• Length/diameter ratio would appear to be the primary factor contributing to 
crack reduction. Polypropylene fibres with a higher aspect ratio performed 
best. The coarse cellulose fibres tested had no effect. The author believed
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this to be due to the Young’s modulus of the fibre, the lower the modulus 
of the fibre the better the performance with regard to crack reduction. This 
is at variance with normal composite theory.
• The introduction of fibres not only reduced the overall cracked area but 
also reduced the number of large cracks.
• By increasing the fine fibre content in certain mixes cracking could almost 
be eliminated.
• It was also discovered that there is an optimum wind velocity in the region 
of 12 km/h (= 3 m/s) to promote cracking.
Balaguru stated "An attempt should also be made to understand the 
mechanisms by which the fibres contribute to the crack reduction. The basic 
factors are volume reduction of concrete during the initial stage of hardening, 
rate of volume reduction, restraints that prevent the volume reduction, and 
the tensile strength of the matrix when the volume reduction takes place. 
Fibers could contribute to the tensile strength and slow the rate of volume 
change; most probably, a combination of both would result. This area 
definitely needs further investigation”. This makes the current work at the 
University of Surrey extremely pertinent.
Soroushian et al (Soroushian et al 1998) set out to ascertain whether the 
proven ability of fibre reinforcement to reduce plastic shrinkage cracking in 
standard concrete could be extended to high strength concretes. Soroushian 
et al cast samples of 365 x 114 x 560mm, and to help generate plastic 
shrinkage cracks, three stress raisers were fixed to the base of the mould. 
The stress raisers reduced the depth of the sample by 32mm, 54mm and 
32mm. The two 32mm stress raisers restrained movement on either side of 
the central 54mm stress raiser. This helped to promote cracking over the 
54mm stress raiser. Wind was blown over the samples at between 5-8 m/s at 
a temperature of 35°C and relative humidity of 40%. The samples were 
exposed to this environment for 3 hours and then assessed for degree of 
plastic shrinkage cracking. This was done by measuring the cracks on the 
upper surface of the sample. Soroushian et al carried out seven tests on
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each mix to assess, statistically, the effects of the inclusion of the fibres 
under test to within 95% confidence limits.
The test technique used by Soroushian et al seems sound. A test period of 
three hours, however, may be too short, as cracks have been found, during 
the current study, to form within 3 hours but may propagate for a longer 
period after placing. Also this technique only allows the inspection of the 
upper surface of the sample and it has been observed, during the current 
study, that the cracks that appear on the upper surface are not as clearly 
defined as on the lower surface. This is because a poor finish of the surface 
may obscure the full extent of cracking. It may be that assessing the 
underside of the sample might be a better method of measuring cracked 
area. This is because the underside of the sample offers a more regular 
finish making cracks and therefore cracked area are more easily observed 
and measured. After only three hours of curing the surface may also be 
susceptible to damage caused by handling.
Soroushian et al concluded by stating that cellulose fibres have a statistically 
significant effect on reducing plastic shrinkage cracking, of both regular and 
high performance/strength concrete. The high variability of cracked areas for 
the mix tested is also mentioned. This variability is said to be “inherent” when 
dealing with plastic shrinkage cracking and does not reflect on the reliability 
of the test technique or the operator.
Soroushian et al attributes plastic shrinkage cracking to a number of factors 
with the main factor being water loss from the hydrating mass due to 
evaporation, hydration or to the formwork and sub base. To assess the 
susceptibility of a concrete mix to plastic shrinkage cracking Soroushian et al 
proposes that the rate of gain of strength and loss of plastic flow should be 
measured. Soroushian et al also point out that the visible formation of cracks 
is the ultimate sign of stresses caused by the restraint of plastic shrinkage 
but one may suspect that microcracks are also likely to form that are not 
visible. These microcracks may seriously undermine the integrity of the 
structure over time. However, no method of quantifying or identifying 
microcracking was presented.
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2.7 Fibre reinforcement theory
Fibre reinforced concretes are generally considered when bending or impact 
loads are to be imposed on a concrete member, usually slabs. Unfortunately 
theoretical analysis of the mechanics of reinforcement in such systems is 
very complex. A more easily understood stress system is that of direct 
tension and a knowledge of the behaviour of fibres in such a system 
provides a good background to enable an engineer to make a judgement 
about the potential merits of a fibre reinforced composite for a given end use. 
From Figure 2.3 OX defines the elastic modulus of the uncracked composite 
Ec that has cracked at its normal cracking stress. Curves A and B show fibre 
reinforced concrete of different fibre types and volumes, curve A represents 
a concrete of lower volume of fibre reinforcement or fibres that are so well 
bonded that some break when the concrete cracks. Curve B represents the 
concrete that is reinforced with a higher volume of steel fibres that pull out 
rather than break. The area under these curves defines the toughness of the 
fibre reinforced concrete (Hannant 1978).
Stress
Modulus
strainO
Figure 2.3 Tvpical stress-strain curves for short random fibre reinforced 
concrete (After Hannant 1978).
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The critical fibre volume for a composite of uniaxial fibre alignment can be 
defined as the volume of fibres that will carry the load that the composite 
supported before matrix cracking occurs in the composite. The factors that 
affect the critical volume of fibres and post cracking strength are the number 
of fibres across a crack, the bond strength and fibre pull out load. For the 
simplest case when fibres are all aligned parallel to the applied stress then:
(Jc “  O^fVfcrit - ( 1 )
Vfcrit =  O c/cTf . . . ( 2 )
Where:
Qc = composite cracking stress
Vfcrit = critical volume of fibres
Of = fibre strength or average pull-out stress of fibre depending on
whether fibres break or pull out at a crack
Once cracking occurs the whole stress is carried by the fibres. Assuming that 
there are just sufficient fibres to support the cracking stress i.e: 
fibre volume = Vfcrit
Therefore from equation 1 if oc = 3 MPa, of = 300 MPa, then Vfcrit = 0.01 or 
1%
From equation 2 it can be seen that if oc is decreased then there will be a 
subsequent decrease in Vfcrit- Also poor bond may reduce of by allowing the 
fibre pull-out at a fraction of the fibre strength.
Figure 2.4 shows schematically what happens when cracking occurs in a 
short random fibre reinforced composite.
Fibre reinforcement is also used to resist the development of plastic 
shrinkage cracking because at early ages qc is very low. Fibre reinforcement 
helps to resist cracking in a cement matrix because when a crack is formed 
in the cement matrix the stress at that point is zero and loads are displaced 
to a point away from the crack. When fibre reinforcement is present these 
loads are transferred back into the uncracked matrix making it more difficult
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for the crack to propagate (Hannant 1978). When there is randomly 
distributed fibre reinforcement spread throughout the material it means that 
when the inevitable tiny cracks form, due to the restrained plastic shrinkage, 
it is more difficult for these cracks to propagate.
1
Crack
I '  I
Direction of loading
Figure 2.4 Change in fibre orientation at crack (After Hannant 1978).
Plastic shrinkage cracks form over a period of hours immediately after the 
concrete is placed. During this period the load is applied gradually to the 
fibres which are more likely to fail on the matrix fibre interface due to poor 
bond and pull out from the matrix than fail themselves. Figure 2.5 depicts this 
process, where failure is on the fibre / matrix interface and the mean fibre 
pull out length is 1/4.
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Figure 2.5. Force F for an average fibre pull out of one quarter of the fibre 
length 1/4 (After Flannant 1978)
If the average sliding friction, x, is known and if it is assumed that this will not 
vary with the orientation of the fibre to the crack then the average pull out 
force, F, per fibre is:
F = X Pf X f/4 ... (3)
Where Pf is the fibre perimeter of the fibre in contact with the cement matrix. 
In practice, however there are a number (N) of fibres across a crack. For 
fibres aligned with the direction of the stress this number of fibres can be 
found by:
N=Vf / A f  ...(4)
Where N is the number of fibres across the crack and Af is the cross 
sectional areo^ of an individual fibre. However, fibres are not always aligned in 
this manner. A more realistic situation is that the fibres will be dispersed in a 
random 3-D manner, in this instance the number of fibres can be found by:
N = 3^  Vf / Af per unit area ...(5)
Therefore the force in the fibres over a cross section ai area is given by:
F = % V f / A f X x x P f X f / 4  ...(6)
If the force, F, that is applied is known then the bond strength, x, at the 
cement fibre interface can be found by:
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T = 2 (Af / Vf) X (1 / Pf) X (4 / f )  X F ...(7)
From equations (4) and (5) it can be seen that when fibres are distributed in 
a 3-D manner the effective number of fibres across a crack will be half as 
many as when the fibres are aligned in the direction of the stress. Therefore 
when fibres are distributed in a 3-D manner the stress in the fibres, of, is 
given by:
Of = 2o% / Vf ... (8)
Where = the stress on the composite cross sectional area, A, of the 
composite at any strain %:
Of = 2 ( F / A ) x ( 1  / Vf) ...(9)
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Summary of Literature Review
Having reviewed much of the literature published in this area of research it 
would appear that consolidation takes place within freshly placed concrete 
immediately after placing irrespective of the hydration that may be taking place 
within the material. During this period the fresh material is gaining strength, and 
thus a framework of hydrates, and thus looses strain capacity.
As water is lost from this system, either due to evaporation or hydration, 
negative pore pressures develop within the material. These negative pore 
pressures increase as the amount of water In the system reduces. This negative 
pressure development is thought, by many of the authors reviewed herein, to 
drive the plastic shrinkage strain development that is sometimes seen in fresh 
concrete. If these shrinkages are restrained then this may be the mechanism 
that leads to the fresh concrete cracking.
By measuring the parameters associated with plastic shrinkage cracking it was 
envisaged that the mechanism that leads to plastic shrinkage cracking might be 
identified. If this mechanism is understood it may be possible to obviate it.
In the past the restrained ring test apparatus has only been used, according to 
the literature found during the course of this research, to assess the effects of 
fibre reinforcement on plastic shrinkage cracking reduction. This makes the use 
of this test technique to assess the propensity of high strength concrete towards 
plastic shrinkage cracking, novel.
From the literature it would appear that the inclusion of fibre reinforcement at 
low addition rates the effects of plastic shrinkage cracking may be minimised. 
Using the equipment development at the University of Surrey to measure the 
parameters associated with plastic shrinkage cracking it is possible to measure 
exactly how the inclusion of these fibres reduce the effects of plastic shrinkage 
in engineering units.
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Chapter 3.0
Mix design and materials
There is no systematic approach for the selection of a high strength mix 
(Neville 1995) although variations on the DoE method (Dept, of Environment 
1988) for concrete mix design have been developed (Chang 1998).
This makes the design of high strength concrete something of an art but a 
solution can be found by answering three basic questions:
1. What is the concrete required to do? - The strength it must attain and the 
speed at which this must be achieved.
2. What is the size of the formwork and the size of the reinforcing steel in the 
member? - This will determine the degree of workability that is required and 
the size of the aggregates used.
3. What is the designer's experience? - An experienced designer should be 
able to marry the first two points and come up with a solution. Trial mixes on 
panels must first be assessed along with cube strengths to ensure the design 
is acceptable.
3.1 Achieving high strength
High strength concrete can be achieved by using conventional concrete 
ingredients (Chang 1998) but on the whole it is achieved by the inclusion of 
admixtures.
These admixtures are usually a superplasticiser, which allows a reduction of 
the water / cement ratio, and a supplementary cementing material (SCM). 
The typical design parameters for a high strength concrete (Concrete Society 
1995) are that the cementitious content should be >400 kg/m^ with an 
additional 10% SCM and a water to cementitious ratio of 0.30 to 0.40. It is, 
however, becoming increasingly common to find mix designs below 0.30 free 
w/c ratio. A database of over 35 high strength mixes, found in literature, 
shows that aggregate ratios and combinations must be experimented with to 
provide the required performance for a specific application, i.e. a mix with a 
high aggregate to paste ratio maybe advantageous from a economic view but
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may not provide a high enough level of workability to be practical. From this 
data base four mixes where chosen for further investigation and to ensure 
that high strength concrete could be achieved in the laboratory. Table 3.1 
shows the mix designs chosen, Table 3.2 shows the ratios within these 
mixes. Table 3.3 shows the slump values and cube strengths achieved when 
the triai mixes were made using ailuvial gravei and siliceous sand.
Table 3.1 Mix Details for TM1 -  TM4
Aggregate Type -  Flint gravel. Sand Type - Siliceous 
Superplasticizer - Cormix SP5, SCM - Microsilica (50:50 slurry)
Mix Identifier
TM1 TM2 TM3 TM4
MATERIAL MASS MASS MASS MASS
kQ/nf kg/m^ kg/mf kg/m^
Cement (C) 460 487 449 163
Microsilica (M) 80 94 45 108
50% M = (Msoiid) 40 47 22.5 54
50% M = (Mwaterj 40 47 22.5 54
Ggbs - - - 325
20mm i^%v*. 890 - - -
14 - 20mm - - 396 370
9.5 - 14mm 395 534 396 370
< 9.5mm - 534 83 370
Sand 555 647 900 730
Superplasticizer 11 15 10 15
For the full details of; TM1 see Price et a ll996 (Price et a ll996), TM2 see 
Burg et al (Burg et al), TM3 see Bjontegaard 1994 (Bjontegaard 1994) and 
TM4 see Neville 1995 (Neville 1995).
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Table 3.2 Ratios Within Mixes TM1 -  TM4
MATERIAL TM1 TM2 TM3 TM4
Free w /(C +M soiid ) 0.324 0.23 0.36 0.27
Aggregate/Paste* 2.73 2.56 2.73 2.62
Fine/Coarse Agg 0.43 0.61 1.24 0.66
SP / Cement*^ 2.2% 2.8% 2.1% 2.8%
* Where paste = C + Msoiid + w + Superplasticizer.
Where SP = Superplasticizer. Cement = Cementious material.
Table 3.3 Test Results
TEST TM1 TM2 TM3 TM4
Slump (mm) 100 30 75 85
Av. Cube 
Strength 
MPa 
7 days 58 78 55 55
28 days 78 98 69 76
To assess the effect of various aggregate and sand types on these 
parameters the trial mixes were tested again, with various combinations of 
aggregate and sand type and quantities of superplasticiser. The highest 
increase in strength was achieved when crushed granite sand and 
aggregates were used. When this combination was used a strength of 
106MPa at 28 days was recorded for TM2, this however led to an increase in 
the amount of superplasticiser required to make the mix workable as crushed 
granite aggregates, and in particular crushed granite sand, are very angular 
and caused the particles to interlock. A compromise was achieved when TM2 
was made with crushed granite aggregates and alluvial sand. When this 
combination was used a slightly lower strength of 90 MPa at 28 days was
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achieved, but a lower amount of superplasticiser was required to produce an 
acceptable workability.
The basic high strength concrete mix chosen to base this study on was 
adapted from the mix presented by Burg R.G. et al (Burg R.G. et al) The 
basic mix proportions can be seen in 3.4.
Table 3.4 Basic high strength concrete mix proportions
MATERIAL MASS
kg/nf
Cementitious 534
material
14mm 534
10mm 534
Sand (Siliceous) 647
superplasticiser To suit
w/c ratio Various
This mix was produced concrete of compressive strength of over 80 MPa 
after 28 days, see Appendix C. The w/b ratios used were dependent on the 
effectiveness of the superplasticers used. The w/c ratios used in this study 
ranged from 0.29 to 0.34. A full breakdown of the mixes used in this study 
can be seen in Appendix B.
Another characteristic of high strength concretes compared with normal 
concrete is that in general smaller aggregate particles are used in their 
production. The largest particle size specified for use in most standard 
concrete mixes is nominally 20mm, and is usually the local aggregate, but for 
the production of high strength mixes this is around 14mm, and is usually 
crushed rock. Two explanations as to why this is the case are put forward. 
The first is because the larger particles are more likely to have internal flaws 
that may cause weakness in the finished mix (Price 1994). The second is that 
there is less chance of failure on the paste / aggregate interfacial transition 
zone between the cement matrix and the rougher surface of the crushed rock
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particles. This paste / aggregate interfacial transition zone is made stronger 
by the presence of pozzolanic SCMs which fill the voids left by the cement 
particles, so reducing the density gradient of the hydrates in this region 
(Kjellsen et al 1998). Also during the crushing process the parent rock will fail 
at its weakest points so the resulting aggregates should contain less flaws. 
The selection of the correct type of aggregate for high strength mixes is a 
crucial factor when developing a high strength mix design for any application.
3.1.1 The effects of superplasticisers on rheoloav
The inherently low workability of high strength concrete, due to low free w/c 
ratio and aggregate type, can be overcome by the inclusion of a 
superplasticiser.
Superplasticisers are high range water reducing (HRWR) agents that allow 
concrete mixes to be designed with very low water / cement ratios or endow 
standard mixes with high workability. To qualify as a superplasticiser 
according to BS 5075 the material must be able to reduce the water content 
of a mix design by a minimum of 16% (BS 5075 1985). Superplasticisers are 
water-soluble organic polymers that are the product of complex 
polymerisation processes. The molecules within these polymers are long and 
of a high molecular mass. These molecules keep the cement particles 
properly deflocculated and therefore in a full state of dispersion (Aïtcin et al 
1994). There are four main families of superplasticiser; sulphonated 
melamine-formaldehyde condensates; sulphonated napthalene- 
formaldehyde condensates; modified lignosulphates; and others such as 
sulphonic-acid esters and carbohydrate esters; the latter two groups being 
rarer than the first two (Neville1995). Napthelene based superplasticisers 
contain twice the proportion of solid material, approximately 40%, compared 
with other superplasticisers, usually 20%, making them either twice as 
effective, per unit weight, or allowing smaller quantities of superplasticiser to 
be used. Superplasticisers can also increase the strength of standard 
concrete as better dispersion of cement particles is achieved (Artcin 1994).
62
Mix design and materials
3. 2 Materials used in this study
The aggregate used in the production of the control mix were alluvial gravels 
of nominal size 20 and 10mm, the absorption rates for these were 1.8% and 
3.6% respectively. The specific gravity of flint gravel is 2.54 g/cm^. The 
crushed granite used was from Cliffe Hill Quarry, Leicester, of nominal sizes 
10 and 14mm, specific gravity of 2.71 g/cm^ and absorption rate 0.8%. The 
sand used was siliceous sand of an absorption rate of 2.5%. Ail of the 
aggregates conformed to BS 812 (BS 812 1975). The cement was standard 
Ordinary Portland Cement from the Blue Circle works at Northfleet in Kent 
There follows a description of the rest of the materials used in this study and 
their basic properties.
3.2.1 Secondary cementing materials
The secondary cementing materials used in this study were microsilica slurry 
(microsilica), pulverised fuel ash (pfa), metakaolin and ground granulated 
blast furnace slag (ggbs). All of these materials were pozzolanic. As cement 
hydrates it produces calcium hydroxide (lime). Pozzolanas react with this 
lime to form stable hydrates such as calcium silicate and aluminate hydrates. 
These stable hydrates reduce the lime content of the concrete and this 
reduces the voids within the concrete and thus reducing permeability.
3.2.2 Microsilica
Microsilica, or condensed silica fume (CSF), is widely used to describe the 
fumes generated during the high temperature reduction of quartz into a range 
of silicon and ferrosilicon alloys. The silica fumes used in the production of 
concrete are termed “microsilica”. The only microsilicas that are suitable for 
the production of concrete are those that are collected from electric arc 
furnaces that produce silicon and ferrosilicon of at least 75% Si content. Most 
microsilica is produced in Scandinavia, America and Canada. Microsilica 
itself is a pozzolana composed of ultra fine amorphous glassy spheres of 
silicon dioxide (Si0 2 ), typically 0.1 -  0.2 microns, which is approximately 100
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times smaller than cement. This means that there are approximately 50000- 
100000 microsilica particles to each cement grain. The specific surface area 
of microsilica is 15000 m^/kg and the relative density of microsilica is around 
2.20 g/cm^, as opposed to the relative density of ordinary Portland cement 
which is 3.10-3.15 g/cm^. Therefore there is more cementitious material 
present in a concrete when microsilica is used to replace a percentage of the 
cement. The shape size, abundance and reactivity of microsilica particles 
facilitate their dispersion In the spaces between and around each cement 
grain when the concrete is first mixed. The effect of this is that the hydration 
products are more uniformly distributed when the concrete hardens and 
results in a dramatic improvement in the fine pore structure. This results in 
supposedly stronger and more durable concrete. The increased durability is 
as a result of the lower permeability of the concrete made with microsilica. 
Microsilica is used as a cement replacement of up to 10% of the cementitious 
material.
The microsilica used in this study was supplied by Elkem Materials and came 
in the form of slurry of 50% water and 50% microsilica, the trade name for the 
microsilica slurry used was Esmac 500S.
3.2.3 Pulverised fuel ash (pfa)
Pfa is the ash from pulverised coal burnt in the production of electricity. Pfa is 
extracted from exhaust flumes during the burning process. Pfa is a pozzolana 
that consists principally of fine, typically 1-150 microns, aluminosilicate glass 
spheres with small quantities of crystalline minerals such as quartz, mullite 
and oxides of iron. The specific properties of pfa are dependent on the coal 
burnt to produce it and the furnace conditions, however the composition of 
the glassy material is relatively consistent between sources. The specific 
surface area of pfa is 450 m^/kg and has a relative density of 2.0-2.3 g/cm^, 
as opposed to ordinary Portland cement which has a density of 3.10-3.15 
g/cm^, this means that the use of pfa increases the amount of cementitious 
material present in a concrete. Pfa is used as a cement replacement of up to 
30% of the cementitious material. The inclusion of pfa is said to increase 
workability, improve sulphate resistance in structures in contact with soil and
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ground water and reduce the risk of alkali silica reaction. There may be a 
reduction in plastic shrinkage cracking combined with a reduction in the risk 
of thermal cracking, which may result in a long-term improvement in 
durability.
The inclusion of pfa enhances concrete due to its pozzolanic and physical 
properties. The finer fraction of pfa, those that pass the 45 pm sieve, act as a 
plasticizer in fresh concrete as they act, due to their size and shape, as ball 
bearings within the material. This means that concrete can be mixed with 
lower water/cement ratios, lower water cement ratios lower permeability and 
increase strength and durability.
The pfa used in this study was supplied by Ash Resources Limited and came 
in powder form. There was no trade name for this material other than Quality 
Assured Pulverized fuel ash.
3.2.4 Metakaolin
Metakaolin is produced by a high temperature treatment, between 750°C and 
950°C, of a pure china clay. This calcination process gives a specific form of 
metakaolin that is a highly reactive pozzolana. As metakaolin is not the by­
product of an industrial process it may be purer than other pozzolanas. The 
surface area of metakaolin is 12000 m^/kg and the relative density is 2.7 
g/cm^ which is less than that of ordinary Portland cement, which has a 
relative density of 3.10 - 3.15 g/cm^. There will therefore be morewentitious 
material present in a paste made by replacing a percentage of the ordinary 
Portland cement with metakaolin. The beneficial effects of the addition of 
metakaolin are a reduction in alkali silica reaction, substantial reduction in the 
permeability of the concrete and a reduction in efflorescence. Of the mass 
10% of the maximum particle size is greater than 10 microns and 50% of the 
minimum particle size is less than 2 microns.
The metakaolin used in this study was supplied by English China Clay 
International and came in the powder form, the trade name of the metakaolin 
used was Metastar 501.
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3.2.5 Ground granulated blast furnace slag (ggbs)
Ggbs is a by-product of the production of iron in a blastfurnace. Ggbs is 
formed due to the fusion of a limestone flux with ash from coke and the 
siliceous and aluminous residue remaining after the reduction and separation 
of the iron from the ore. The iron and slag are produced in a molten 
homogenous state and the quality and consistency of the slag is directly 
related to the quality and consistency of the iron produced, therefore 
purchasers of the slag are guaranteed a quality assured product. The 
principle oxides in ggbs are the same as those found in ordinary Portland 
cement, the quantity of these oxides vary from blastfurnace to blastfurnace 
and are dependent on the raw materials used and processes employed. 
Molten slag must be quenched by either water or cold air and water jets. This 
rapidly reduces the temperature of the molten slag that cools into pellet form 
of constant particle size, chemical composition and degree of vitrification. 
These pellets are then granulated using the same plant and methods as 
cement powder. The surface area of ggbs is 400 m^/kg. The relative density 
of ggbs is around 2.9 g/cm^, as opposed to the relative density of ordinary 
Portland cement, which is 3.10-3.15 g/cm^; therefore there is more 
cementitious material present in a concrete made with ggbs replacing a 
percentage of the cement. The inclusion of ggbs markedly reduces the 
temperature generated by the hydration process, see Table 3.2, and hence 
greatly reduces the risk of thermal cracking in fresh concrete. The inclusion 
of ggbs allows the use of binder rich concretes to be used with a reduced risk 
of thermal cracking and therefore improves the durability of structures made 
using such mixes.
The inclusion of ggbs in concrete also increases the resistance of the 
concrete to attack from sulphates, seawater, chloride ions and alkali silica 
reaction.
The ggbs used in this study was supplied by Civil and Marine Slag Cement 
limited and came in powder form and the trade name of the ggbs used was 
simply Ground Granulated Blast Furnace Slag.
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Table 3.2 Temperature data for concrete cross sections with a minimum 
dimension of 1m at various binder contents and proportions of ggbs 
(Henderson et al 2000)
Binder
Combination
Temperature rise (°C) 
per 100kg of binder, 
1m thick section
Temperature rise for various binder contents(°C)
350 kg/m"* 400 kg/m"* 450 kg/m^ 500 kg/m^
OPC 12 42 48 - -
50 OPC / 50 
ggbs
7 25 28 32 35
BO OPC / y o  
ggbs
5 18 20 23 25
3.2.6 Fibres
The fibres used in this study were Fibrin XT and Fibermesh polypropylene 
fibres. Fibrin XT fibres are monofilament strands that are 18 pm in diameter 
with 50% length being 12.5mm and 50% length being 19.5mm. Fibermesh 
are reluctant to release any information pertaining to the dimensions of their 
Fibermesh fibres, which come in the form of a fibrillated film which then 
breaks up into fibres. Both types of fibre are added to concrete at an addition 
rate of 0.1% by volume. These are two of the most common polypropylene 
fibres in use at the moment.
The steel fibres used were Bekaert’s 0.55mm diameter x 35mm length steel 
fibres. These fibres are used mainly to increase the ductility of large concrete 
floor slabs and improve the resistance of such slabs to cracking under 
loading when in use, and not to reduce plastic shrinkage cracking.
3.2.7 Superplasticisers
The superplasticers used during this study were Cormix / Daracem SP5 and 
Sikamet S10. Cormix / Daracem SP5 is based on sulphonated melamine 
formaldehyde condensate whereas Sikamet 810 is a more powerful 
superplasticiser containing sulphonated vinyl copolymer which is designed to 
help retain workability of the fresh concrete.
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Chapter 4.0 
Test procedures
4.1 Test procedure for the measurement of tensile stress-strain curves of 
fresh concrete
Relatively few authors (Kasai 1971)(Ravina 1968) have attempted to 
measure the tensile stress-strain characteristics of fresh concrete.
4.1.1 Considerations for the measurement of tensile stress-strain curves of 
fresh concrete
The reason so few authors have attempted to measure the tensile stress - 
strain characteristics of fresh concrete is due to the inherent problems of 
testing such a weak and deformable material. These problems include:
• Gripping and eliminating friction effects on a weak and deformable 
material.
The sample must be gripped sufficiently well that a tensile load 
may be applied and transferred to the material under test.
=> If friction is acting on the material under test then erroneous results 
may be obtained.
• Measurement of strain on a moist and weak material.
=> Strain measurement apparatus must somehow be attached to the 
sample under test.
• The rheological properties of fresh concrete encompass a wide range of 
behaviour from almost Newtonian, at the instant of mixing, through 
Bingham-type behaviour (with a yield stress), to a solid of significant 
tensile strength and stiffness.
=> The apparatus must be suitable to test a very weak material with 
low yield stress, 0.001 MPa.
=> The apparatus must also be robust enough to test a solid of 
significant tensile strength of over 0.1 MPa.
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• Between one and five hours after mixing, the developing cement 
hydration products are extremely fragile and may be disturbed by the 
slightest shock.
=> There must be a minimum amount of handling of the sample once 
it has been cast so as to avoid any damage to the developing 
microstructure.
4.1.2 Apparatus for the measurement of tensile stress-strain curves of fresh 
concrete (Hannant et al 1999) (Branch et al 1998)
The apparatus, for the measurement of tensile stress-strain curves of fresh 
concrete, at hourly intervals, consisted of; a split rectangular mould, with a 
tapered neck and expansion/contraction joint, of internal dimensions 100 x 
100 X 208mm, air bearings, a tensile loading frame that could be moved to 
each sample under test, a miniature in line tensile load cell capable of 
measuring a tensile load of up to 250kN and a tensile strain gauge. The 
expansion/contraction joint was required to minimise restraint stresses that 
may have occurred due to early volume changes in the concrete. The 
inclusion of the expansion/contraction joint was had been found to be 
necessary from earlier work.
4.1.3 Split mould and strain gauge
To stop the sample slipping out of the mould when a tensile load was 
applied, and to transfer the tensile load to the sample at the sample/mould 
interface, eight keys were fixed to the inside walls of the mould, four in each 
half.
The tapered neck was made from four sections and reduced the width of the 
mould from 100mm to 70mm and the cross sectional area at the centre of the 
sample from lOOOOmm  ^ to 7000mm^, this proved effective at initiating 
cracking. The expansion/contraction joint was positioned in the centre of the 
neck, symmetrically on both sides of the mould, and therefore at the centre of 
the sample. This expansion/contraction joint was created by withdrawing two
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2mm Perspex sliders from the mould once the sample was in final test 
position. When in the final test position the sample rested on two base plates, 
of 115 X 5 X 100mm and 6mm apart. These were covered with PTFE film at 
the interface of the base plates and air bearing to ensure the elimination of 
friction. These plates were each located onto the mould by four pins that 
passed from the mould and stopped flush to the outer surface of the plates. 
The strain gauge, an LVDT over a gauge length of 50mm, was attached to 
the sample by posts that were fixed to the base of the mould during casting 
and, when the base was removed, revealed recesses into which the LVDT 
could be located. Tensile strain could be recorded at 0.1-1 second intervals 
using a data acquisition system. A schematic view of the split mould can be 
viewed in Figure 4.1
muu
50 mm
100 mm 70 mm
IZ L
104 mm
Figures 4.1 Schematic view of the split mould, neck and LVDT supports
Where:
A = Keys to grip the sample B = Posts to support the LVDT
C = Neck segment D = Perspex slider
E = Locating pin for the PTFE coated bases
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4.1.4 Reaction frame
The split mould was inverted and placed on the air bearing and the reaction 
frame placed around both, such that one half of the split mould was fixed 
against longitudinal movement and the other half was able to move under 
uniaxial loading. A motor, at a rate of straining of 0.7mm/minute applied the 
tensile load. The miniature tensile load cell was in line between the motor 
and the sample. The load applied was a uniaxial tensile load that was applied 
across the 7000mm^ neck region of the sample. All cracking occurred across 
the gauge length and, owing to the symmetrical loading system, it was 
assumed that the stress distribution was uniform over the central cross- 
section although no measurements were made to confirm this.
Photograph 4.1 shows the zero friction tensile testing apparatus under test 
conditions. A schematic view of the tensile loading frame with sample in 
place can be seen in Figure 4.2.
Photograph 4.1 The zero friction tensile testing apparatus under test 
conditions
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Motor
Fixed
end Movingend Chain drive
LVDT '
Linkages
Air In
Load cell
Air-bearing plateAir gap
Figure 4.2 Schematic view of the reaction frame, test specimen. LVDT and
air bearing
4.1.5 Air bearing
The air bearing supplied air at a rate of 207 kPa (30 psi) that floated the 
sample on a bed of air thus reducing the friction acting on the sample. The air 
was distributed by ten symmetrically positioned 1.5mm holes in the air 
bearing. These were configured such that four were under the fixed half of 
the sample and six under the half that was free to move under loading. This 
allowed the removal of friction as the sample moved in the direction of 
loading. A schematic view of the air bearing can be seen in Figure 4.3.
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Floating plate, able to 
move longitudinally
Floating plate, fixed against 
longitudinal movement
115 mm Air
’T T
Air holes
152 mm
Outline of plates supporting the mould halves 
and concrete sample and floating on air
Figure 4.3 Schematic view of the air bearing and two plates.
4.1.6 Test procedure
The test procedure was as follows:
1. The concrete was cast into five split moulds using a vibrating table. The 
two halves of the split mould were temporarily clamped to a rigid base. 
Considerable care was taken to fill the mould exactly.
2. Two plates were positioned over the locating pins on what was, at this 
point the top of the mould.
3. Each of the five moulds were then taken to their own air bearing and 
inverted while the two plates were held firmly in contact with the concrete, 
this then became the lower surface, and the plates were positioned on the 
air bearing. The temporary rigid base, now uppermost, was carefully 
removed without disturbing the concrete, this was facilitated by the use of 
polythene film as a release aid at the interface between the rigid plate and 
the concrete surface. The film was left over the samples to create a 
sealed curing environment. The hydrating concrete samples and moulds 
were at this stage supported by the two plates, separated by 6mm over 
the neck. The samples were not moved from this point until after testing.
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4. At the time of testing, at hourly intervals starting one hour after the 
addition of water at the mixer, the reaction frame was placed around the 
sample and air bearing. One half of the mould was then fixed into the 
reaction frame to prevent lateral movement while the sample was floating 
on air. The other half of the sample was attached by linkages, including 
the miniature in line tensile load cell, to the motor that applied the tensile 
load to the sample. This half of the sample was free to move in the 
longitudinal direction of loading. Prior to testing, the film was removed 
from the surface of the concrete and an LVDT was located in the 
recesses, in the posts, that passed through the sample and now rested on 
the two plates that supported the sample and mould.
5. Just before the tensile load was applied the air supply to the air bearing 
was switched on. The sample was at this stage floating on a bed of air 
therefore zero friction was acting on the sample under test and any tensile 
load on the tensile load cell was the same as that applied to the neck 
region of the sample
Using this technique it was possible to study the effective tensile strength and 
strain to failure of the cement hydration products at very early ages after 
mixing.
Concrete, in common with other materials, is inherently variable, due to 
within-batch and between-batch variations of materials, temperature 
differences, tolerances and possible errors in batching, mixing, compaction, 
testing and so on (Taylor et al 1985). In an attempt to reduce one of these 
variables the temperature of the test environment was kept constant at 20°C, 
and all of the materials were stored at 20°C for 24 hours before mixing.
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4.2 Test procedure to measure the development of negative pore pressure in
fresh concrete
4.2.1 Considerations for the measurement of negative pore pressure
development in autogenous conditions
There are inherent problems when measuring negative pore pressure these
include:
• Any type of monitoring apparatus must intrude into the specimen.
=>The pressures that are being developed are within the material 
itself, therefore, must be monitored by embedding a probe or 
transducer into the specimen.
• Erroneous measurement of compressive i.e. positive pressures.
=> When cement paste hydrates it is restrained by particles held within 
it and therefore exerts a compressive force on such particles. If a 
rigid pressure transducer is placed into the paste, the natural 
shrinkage of the material is restrained and the paste around the 
transducer is in tension. Therefore any pressures on an embedded 
transducer may then be measured as compressive i.e. a positive 
pressure.
• Losses in pressure through a system evacuating air from the system.
=> When measuring pressure in any pressurised system losses in 
pressure may occur between the point of interest and the point of 
measurement.
=> Also if, when negative pore pressures start to develop and there is 
air within the system the entrapped air may expand or migrate thus 
reducing the magnitude of the pressures measured.
• Susceptibility to the thermal climate, therefore a temperature-controlled 
environment must be provided. This applies to all areas of testing.
75
Test procedures
4.2.2 The measurement of negative pore pressure development
To investigate the development of negative pore pressure in early age 
concrete a method has been developed called the ‘water column method’ of 
measurement. This system has been used by a number of authors 
(Wittmann 1976)(Holmes 1995)(Radocea 1998). This involved the insertion 
of a probe, a tube filled with de-aired water, into the mould that the fresh 
concrete is to be placed. The tip of the probe must be sealed to stop the 
intrusion of paste into the probe, but still allow the transference of pressure 
to the column of de-aired water and therefore to the transducer. The 
transducer used was a Druck 830 that measured within the range of -  
lOOkPa to 0 kPa. The transducer sat below the mould and was connected to 
the probe via a screw fitting. The transducer measured the pressure acting 
on the column of water and therefore the pressures being developed within 
the hydrating system. However, some reduction in pressure may be 
expected due to the length of the water column.
Before testing, the tube was filled with de-aired water. It was decided to use 
de-aired water because when a negative pressure is applied to the water 
then any air in the water may be liberated thus an erroneous result may be 
recorded. Also it is imperative that the air is removed to increase the degree 
of repeatability that can be achieved. Other authors (Whittmann 
1976)(Holmes 1995)(Radocea 1998), however, do not state whether the 
water they have used is de-aired, tap water or distilled water. Any methods 
used in the filling and sealing of the probes used were also omitted from the 
published literature.
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4.2.3 Procedure for the measurement of negative pore pressure
development in sealed conditions
The test procedure for the testing of negative pore pressure in sealed
conditions was as follows;
1. It was very difficult to fill the probe with the de-aired water because it has 
an internal diameter of only 0.8mm. It was therefore decided that the only 
way to ensure that the probe was filled satisfactorily with de-aired water 
was to fully submerge the probe in previously de-aired water and then 
apply a vacuum to the water and probe. The water was stirred using a 
magnetic stirrer to agitate the water within the system and evacuate any 
remaining air pockets. One end of the probe was then sealed with silicon 
grease and the transducer screwed into the other, this was all done under 
water. When the probe was withdrawn from the water it contained a 
sealed column of de-aired water.
2. The sealed probe was then placed into the mould through a hole in the 
base. The internal dimensions of the mould were 150mm diameter x 
300mm deep.
3. The concrete was then placed, in three layers, into the mould and 
compacted by hand using a square tamping bar, of 25mm x 25 mm. The 
depth from the surface of the concrete to the tip of the probe was 
200mm. The surface of the concrete was covered with polythene film to 
create sealed curing conditions.
4. The room temperature controlled at around 20°C. Photograph 4.2 shows 
a section through the apparatus, this shows the way the apparatus was 
set up prior to the compaction of the fresh concrete in the mould. A 
schematic view of the apparatus can be seen in Figure 4.4.
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I
Photograph 4.2 Section through the apparatus used to measure negative 
pore pressure
Grease seal to 
stop the ingress 
of cement into 
w ater column
Column of 
de-aired water
Readings to 
logger
300mm
Mould
Frame
Pressure
transducer
150mm
Figure 4.4 Schematic view of the water column apparatus
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4.2.4 Procedure for the measurement of negative pore pressure
development in exposed conditions
Having measured the development of negative pore pressure, with no 
evaporation from the surface, it was thought necessary to see what effect 
external conditions would have on the development of negative pore 
pressure. For these tests the probe was positioned 45mm from the surface 
of the material instead of 200mm, this was achieved by using a shorter 
mould. The mould used was 150mm rather than 300. A domestic fan was 
positioned alongside the sample to generate a wind of 4 m/s over the surface 
of the concrete.
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4.3 Test procedure for the measurement of free plastic shrinkage strain
development of fresh concrete
4.3.1 Considerations for the measurement of free plastic shrinkage strain 
development of fresh concrete
Free plastic shrinkage strain and associated volume changes are very small 
making them very hard to detect. There is no definitive method of measuring 
the free shrinkage strains developed within fresh concrete. When measuring 
free plastic shrinkage strains there are inherent problems that must be 
overcome whentesting fresh concrete. These include:
• The effects of friction on the specimen.
=>The material is highly deformable and therefore the restraining 
force of friction acting on the material will give erroneous results.
=>Also if friction is acting on the sample the strains that are being 
measured cannot be considered free.
• Strain measurement.
=^To enable the direct measurement of strain, a device must 
somehow be attached to the fresh, very weak sample; this must be 
done without restraining the natural shrinkage of the material.
• Susceptibility to the thermal climate.
=> Hydrating concrete is susceptible to changes in ambient 
temperature, therefore a temperature controlled environment must 
be provided.
The test technique used to measure free shrinkage strain development was 
a novel friction free cradle system that monitors linear displacement. The test 
technique was capable of measuring shrinkage over the first 24 hours of the 
hydration process.
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4.3.2 The measurement of free shrinkage strain development In sealed 
conditions
To allow concrete to hydrate in a natural environment, a method of testing 
was developed called the Cradle method. This test technique allowed 
samples of cement paste or concrete of up to 5kg to be tested.
The apparatus consisted of 18 separate metal strips of dimensions 5mm x 
10mm X 230mm, suspended from the ceiling by 1m long wires. The strips 
within the gauge length were held apart, during the preparation stages, using 
a separator to keep the gauge length constant, and the spaces between the 
metal strips even. An LVDT, over a gauge length of 100mm, was secured to 
the underside of the cradle. This was done by attaching the fixed end of the 
LVDT securely to the underside of one of the metal strips and attaching an 
abutment to the underside of another metal strip that rested against the free 
moving plunger of the LVDT. This allowed the LVDT to move freely within the 
gauge length.
Suspending the metal strips from the ceiling eliminated the effects of friction, 
in the direction of displacement, and allowed the free linear movement of the 
sample. The test environment was controlled at 20°C.
Photograph 4.3 shows a specimen on the cradle test apparatus, including 
the spacers, prior to testing. A schematic view of the apparatus can be seen 
in Figure 4.5.
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Photograph 4.3 A specimen on the cradle test apparatus, including the 
spacers, prior to testing.
Sample
\ ___  ToLVDT
logging system
T
LVDT
100mm
Metal strips 
5mm X 10mm 
X 230mm
Figure 4.5 Schematic view of the cradle method for determining early age 
shrinkage
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4.3.3 Procedure for the measurement of free shrinkage strain development 
in sealed conditions
The test procedure for the measurement of free shrinkage strain 
development in sealed conditions was as follows:
1. A sample of concrete was prepared, placed into a plastic sample bag 
removing as much air as possible and the sample was sealed.
2. The sample was laid across the bed of metal strips, screws passed 
through the metal strips that secured the LVDT in place and bit into the 
sample. The separators were then removed. Readings from the LVDT 
were logged, on a data logging system, at ten minute intervals over 24 
hours.
4.3.4 Procedure for the measurement of free shrinkage strain development 
in a sample exposed to wind
Having measured the development of free plastic shrinkage strains in sealed 
samples it was thought necessary to measure the effect external conditions 
would have on the development of free plastic shrinkage strains.
Wind was passed over the surface of exposed samples whilst measuring the 
development of free shrinkage strain. This was done by cutting open the 
upper surface of the sample bag and exposing upper surface of the sample 
to a wind of 4m/s. A domestic fan was placed adjacent to the test apparatus 
to generate the wind. The cutting open of the upper surface of the sample 
bag was done with a sharp blade before removing the separating strips and 
commencing the logging process.
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4.4 Test procedure for the measurement of restrained plastic shrinkage
cracking of fresh concrete
4.4.1 Considerations for the measurement of restrained plastic shrinkage 
cracking of fresh concrete
Having measured the parameters that were thought to control whether a mix 
would be susceptible to plastic shrinkage cracking it was necessary to 
attempt to create an aggressive curing climate, within the laboratory, that 
would promote plastic shrinkage cracking. This would enable an assessment 
to be made of the predictive ability of the data. Many authors have presented 
techniques as to how plastic shrinkage cracking can be achieved (Dahl 
1985)(Bentur 1990)(Bloom 1995)(Soroushian 1998). The main factors to be 
considered when causing and subsequently assessing restrained plastic 
shrinkage cracking in the laboratory are:
• Creating the correct environment for accelerated drying.
=> Poor curing in a climate that will accelerate the removal of bleed 
water from the surface of the hydrating concrete is given as the 
main reason for plastic shrinkage cracking; this environment must 
be created in the laboratory.
• Restraint to shrinkage must be provided.
=> Once plastic shrinkage is achieved this must be restrained in a 
manner that is uniform throughout the sample.
• Provision of stress raisers.
^  To achieve repeatable results stress raisers should be introduced 
at defined spacings.
• Measurement of cracked area.
=> Great care must be taken when identifying cracks and measuring 
cracked area.
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4.4.2 The measurement of restrained plastic shrinkage cracking of fresh
concrete
The test method used to generated restrained plastic shrinkage cracking in 
fresh concrete was presented by Dahl and is a variation on a technique first 
devised at FCB Trondheim. This technique, called the ‘Restraint ring test', 
has been successfully used by many authors (Dahl 1985)(Littleton 1992).
As the name suggests the test was carried out using rings of concrete. The 
dimensions of these rings were 590mm outer diameter x 300mm internal 
diameter x 80mm deep. The rings were cast between two steel rings on a 
smooth and oiled melamine base. The smooth base allowed free movement 
of the sample. The internal ring provided restraint to shrinkage, which set up 
a circumferential stress around the sample. Twelve 5mm steel webs
that penetrated 30mm into the sample over the full depth of sample were 
welded in the positions of the numbers on a clock face to the outer ring. The 
webs provided restraint to the circumferential. stress and acted
as stress raisers to promote radial cracking. Photograph 4.4 shows one of 
the restrained ring moulds prior to testing. A schematic view of the apparatus 
can be seen in Figure 4.6
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Photograph 4.4 Restrained ring mould prior to testing
4.4.3 Procedure for observing the restrained plastic shrinkage cracking of 
fresh concrete
1. The fresh concrete was cast, between the two steel rings, in two layers on 
a vibrating table, one minute of vibration per layer. The fresh concrete 
rings were then placed in the wind tunnel for a twenty-four hour period. 
The time taken from the addition of water at the mixer to final positioning 
of the two samples in the wind tunnel was thirty minutes.
2. The concrete rings were placed, immediately after casting, in a custom 
built wind tunnel that blew a steady stream of air, at approximately 4 m/s, 
over the samples. The wind accelerated the loss of bleed water from the 
surface sample, thus aiding plastic shrinkage.
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Figure 4.6 Schematic view of the restrained ring test apparatus
3. The rings were monitored for cracking for the first five hours after placing, 
or until no further cracks appeared. The time of the onset of cracking and 
the time at which no fresh cracks were observed was noted.
4. After twenty-four hours the samples were removed from the wind tunnel. 
This made the handling of the samples easier as they were not as easily 
damaged and allowed the measurement of cracking on the underside of 
the samples to take place.
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5. The cracks were measured for length using a domestic magnifying glass, 
of unknown magnification, and steel rule. Crack width was measured 
using a Wexham developments crack microscope that was accurate to 
within +/- 0.05mm.
6. Having measured the length and width of the cracks on the upper and 
lower surfaces the total cracked area for each surface could be 
calculated.
Cracking was considered plastic shrinkage cracking if cracks were observed 
on the underside of the sample only. The quality of the finish on the upper 
surface of the sample may obscure the nature of any cracks present there. 
Also plastic shrinkage cracks penetrate the full depth of thin slabs so by 
observing the cracks on the underside it was clear that they were plastic 
shrinkage cracks and not cracks in the surface laitence.
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Chapter 5.0
Results and discussions
The main results that are discussed in this chapter are in the form of tensile 
stress-strain curves for various concrete mixes tested in sealed conditions. 
To enable the prediction of the propensity of a mix towards plastic shrinkage 
cracking these results will have to be examined taking into account negative 
pore pressure and free shrinkage strain development. Only the results and 
discussions for each individual test are put forward in the various sections in 
this chapter and a more comprehensive discussion of all of the factors 
involved in plastic shrinkage cracking will be put forward once all the results 
have been presented.
The results presented are for a variety of concrete mixes that include a 
control mix and six high strength concrete mixes of various compositions and 
containing various admixtures.
The high strength concrete and control mix proportions used are shown in full 
in Appendix B. The parameters that were changed from mix to mix and the 
mix designations were:
w/c ratio 0.29, 1.5% S10
superplasticiser/cementitious material and 
9.6% microsilica/cement, 
w/c ratio 0.29, 0.5% S10
superplasticiser/cementitious material and 
9.6% microsilica/cement, 
w/c ratio 0.34, 1.75% SP5
superplasticiser/cementitious material and 
9.6% microsilica/cement.
HSC 1.5% SI œ
HSC 0.5% 810*
HSC 1.75% SP5'
Pfa based HSC ® w/c ratio 0.34, 0.5% SP5
superplasticiser/cementitious material and 
20% pfa/cement.
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Metastar 501*** based - w/c ratio 0.34, 1.5% SP5
HSC @  superplasticiser/cementitious material and
20% Metastar 501/cement.
Ggbs based HSC 0  - w/c ratio 0.27, 1.5% SP5
superplasticiser/cementitious material and 
60% ggbs/cementitious material and 10% 
microsilica/cementitious material. 
*SikamentS10 Mixes HSC 1.75% SP5 ® & Ggbs based HSC
® were replicated without microsilica.
**Daracem SP5
***Metastar 501 is a form of metakaolin
® Made with the new supply of sand and cement
Cube densities and strengths can be seen in Appendix C.
5.1 Results and discussions for the measurement of tensile stress-strain
curves for the control mix in sealed conditions
Figure 5.1 shows a typical set of stress-strain curves for the control mix. It 
can be seen, by examining Figure 5.1 that the stress-strain relationship for 
the control mix changes over time and that the hydrating cement paste gave 
measurable tensile strength by hours 1 and 2. By hours 1 and 2 the hydrating 
paste had developed tensile strength and tensile strains at the maximum 
stress were more than 5000 microstrain. This was probably due to a 
combination of the interlocking structures produced by the hydrating paste 
(Double 1983) and sliding friction between aggregate particles. Ultimate 
strains in excess of 30,000 microstrain were also measured. However at 3,4 
and 5 hours, the tensile strength started to increase rapidly with a drastic 
reduction in failure strain to about 200 microstrain, at 5 hours. It is this period 
between 1 and 8 hours where plastic shrinkage cracking is often initiated 
(BCA Guide 1991).
The mode of failure at hours 1 and 2 was fairly random across the tapered 
neck of the mould with much cement paste adhering to the surface of the 
aggregate particles. After 3 hours this failure mode became a single crack 
across the ‘neck’ of the sample. The surfaces of the aggregate particles at
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this stage were relatively clean. This pattern was repeated for most of the 
samples tested.
Over time the failure of the samples became too rapid for the data recording 
system to reproduce adequately, hence some of the curves in Figure 5.1 are 
not complete.
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Figure 5.1 A tvpical set of tensile stress-strain curves for Control mix 1
The criteria on which tensile stress-strain results were compared was by 
examining the peak stress and the strain at peak stress for each material. 
Strain at peak stress is also known as strain capacity. Having generated a 
group of seven sets of tensile stress-strain curves for the control mix it was 
possible to assess the repeatability that could be achieved using the 
apparatus and set 95% confidence limits for the test results. The average 
peak stress and the strain at peak stress and the 95% confidence limits for 
the control mix can be seen in Figure 5.2.
By examining the average peak stress and average strain at peak stress 
together an indication of the changing properties of the mix with regard to 
strength development and loss of strain capacity, as hydration took place, 
could be identified. An important factor identified in literature, when 
considering plastic shrinkage cracking, is the loss of strain capacity in relation
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to the development of tensile strength (Soroushian et al 1998). The 
significance of this is that when a hydrating concrete mix reaches a 
significant tensile strength it may be better able to withstand the stresses 
imposed by restrained strains caused by the hydration process. Figure 5.2 
shows that there is a loss in strain capacity associated with this gain in 
tensile strength.
The results in Figure 5.2 show that the average reduction in tensile strain 
capacity was from 14000 microstrain to 200 microstrain over five hours. This 
was accompanied by an increase in tensile strength from 3 kPa to 
approximately 160 kPa.
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Figure 5.2. Comparison of peak stress and strain at peak stress, with 95% 
confidence limits, for Control mix 1
After a change of material, i.e. a new batch of sand and cement, a change in 
the behaviour of the control mix was noticed. Therefore a new group of seven 
sets of tensile stress-strain curves were required to assess the effects of 
these changes. A typical set of tensile stress-strain curves for the control mix 
made with the new sand and cement can be seen in Figure 5.3.
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Figure 5.3. A typical set of tensile stress-strain curves for Control mix 2
Figure 5.4 shows the comparison of the peak stress and strain at peak stress 
for the control mixes made with the original and new sand and cement, these 
are referred to as Control mix 1 and Control mix 2 respectively. It can be 
seen that the loss of strain capacity for the two mixes was comparable but 
the rate of gain of tensile strength in Control mix 1 was faster than control mix
2. This could be due to two factors; the difference in the fineness and the 
composition of the cement used. The finer the cement is ground then the 
faster hydration can take place and therefore the faster tensile strength can 
develop. Also the composition of the cement may effect its early hydration 
properties, i.e. the C2S and C3S ratios may effect the speed of the early age 
hydration and therefore tensile strength gain. No cement analyses were 
undertaken to identify possible differences.
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Figure 5.4. Comparison of peak stress and strain at peak stress, with 95% 
confidence limits, for Control mixes 1 and 2
5.1.1 Results and discussions for the measurement of tensile stress-strain 
curves for HSC 1.5% S1Q in sealed conditions
When first mixed HSC 1.5% 810 flowed extremely well and had a slump 
value of around 200mm. Four sets of tensile stress-strain curves were 
generated for this mix, and for each HSC mix.
Figure 5.5 is a typical set of tensile stress-strain curves for HSC 1.5% S10. It 
can be seen from these curves that the peak stress at five hours was much 
lower than that for Control mix 1, at 45 kPa rather than 155 kPa. Also the 
strain at peak stress was correspondingly high, 500 microstrain rather than 
200 microstrain.
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Figure 5.5. A typical set of tensile stress-strain curves for HSC 1.5% S10
When the strain at peak stress and peak stress for HSC 1.5% 810 are 
compared to the control mix, Figure 5.6, it can be seen that HSC 1.5% SIC 
retained a much higher strain capacity for a longer period than the control 
mix, but the gain in strength was much slower than the control mix.
It can be seen in Figure 5.6 that there is an overlap in the 95% confidence 
limits at three hours, for both the strain at peak stress and peak stress. This 
overlapping is repeated in all the figures depicting strain at peak stress and 
peak stress. For some of the mixes tested this overlap can occur at more 
than one of the test intervals. These limits are set by only four test results this 
means that the factor used to set the confidence limits is relatively high, if 
more tests had been carried out this factor would be lower and therefore the 
limits may possibly be closer. The 95% confidence limits show the band 
within which 19 out of 20 mixes will fall. This may initially cause one to 
question the validity of the results found. However, due to the inherently 
variable nature of concrete, especially in the plastic state, it may be that this 
wide spread of results is not a cause for concern. In the published literature 
surrounding plastic shrinkage cracking it was often said that the 
unpredictable nature, and occurrence, of plastic shrinkage cracking is one of
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the problems associated with the phenomenon. If plastic shrinkage cracking 
happened regularly under certain conditions then the cause of it may be 
more obvious. When using a concrete mix on site cracking may occur at 
unpredictable intervals and sometimes may not occur at all. This variability 
may be reflected in the results found here. It could be that plastic shrinkage 
cracking occurs when the results fail to the extremities of the 95% confidence 
limits. Or, that plastic shrinkage may occur at some point within the 95% 
confidence limits, away from where the overlap occurs, when the 95% 
confidence limits for a mix that cracks and a mix that does not crack overlap. 
Figure 5.6 shows that for the first three hours the strain capacity of HSC 
1.5% S10 was higher than Control mix 1 and after two hours the rate of 
strength gain was lower for HSC 1.5% S10 than for Control mix 1. The 
average peak stress for HSC 1.5% S10 rises form 2 kPa at one hour to 45 
kPa at five hours and the strain capacity falls from 40000 microstrain to 
approximately 500 microstrain. It is reasonable, therefore, to say that the 
stress-strain behaviour of Control mix 1 and HSC 1.5% S10 is different.
Even after five hours the cement paste in HSC 1.5% S10 adhered to the 
aggregate particles and cracks formed in a random manner across the neck 
of the sample.
Because HSC1 1.5% S10 developed a very low tensile strength this may 
mean that plastic shrinkage cracking could be avoided when using this 
material because the material may have retained the ability to deform to 
accommodate restrained shrinkage strains. However, an alternative view is 
that the risk of plastic shrinkage cracking may be increased, due to the low 
tensile strength, when restrained tensile stresses are applied. Also it could be 
that extending the "plastic period” for a hydrating mix could extend the period 
over which plastic shrinkage cracking may occur (Justnes et al 1996). 
However, the slow rate of gain of strength may reduce the material’s usability 
as high strength concrete. This is because high strength concrete is often 
specified because of its ability to attain high early age strength thus helping 
to speed up the construction process. However, the seven day cube strength 
of HSC1 1.5% S10 was comparable to the other high strength concrete 
mixes tested.
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Figure 5.6 Comparison of peak stress and strain at peak stress, with 95% 
confidence limits, for HSC 1.5% S10 and Control mix 1
The reason for the very slow development of tensile strength and loss of 
strain capacity exhibited by HSC 1.5% 810 was probably due to the inclusion 
of the retarding superplasticiser Sikamet 810 at a high addition rate. Sikamet 
810 is a very powerful superplasticiser and not only fluidifies an otherwise 
dry mix but also retards the hydration process of the cement in the mix.
To assess the effects of this high addition rate of Sikamet 810 HSC 1.5% 
810 was replicated but with an addition rate of 0.5% Sikamet 
810/cementitious material.
5.1.2 Results and discussions for the measurement of tensile stress-strain 
curves for HSC 0.5% 810 in sealed conditions
The range of slump values for HSC 0.5% 810 was 45mm to 70mm, typically 
50mm.
Figure 5.7 shows a typical set of tensile stress-strain curves for HSC 0.5% 
810. It can be seen from these curves that the peak stress at five hours was 
much higher than that for Control mix 1, at 255 kPa rather than 155 kPa.
97
Results and discussions
However the strain at peak stress after the first hour was comparable to 
Control mix 1. This point is illustrated in Figure 5.8.
Only the results for the first four hours of results for HSC 0.5% 810 are 
shown as two of the samples at this age were too strong to be tested using 
the zero friction tensile test apparatus with a tensile strength of over 357 kPa.
400
350
300
g  250 t
% 200 (/}
S 150
5 Hours
4 Hours
3 Hours
2 Hours100
1 Hour
0 ^ 
-1000 14000 19000 24000 290004000 9000
Strain (microstrain)
Figure 5.7. A tvpical set of tensile stress-strain curves for HSC 0.5% SIO
When compared to the control mix, in Figure 5.8, it can be seen that HSCI 
0.5% SIO attained a much higher tensile strength than Control mix 1 and 
after four hours, the average rate of loss of strain capacity was 
correspondingly more rapid.
The average peak stress for HSC 0.5% SIO rises from 3 kPa at one hour to 
180 kPa at four hours and the strain capacity falls from 6500 microstrain to 
approximately 150 microstrain. It may be reasonable, therefore, to say that 
the stress-strain behaviour of Control mix 1 and HSC 0.5% SIO is similar with 
regard loss of strain capacity, but that there was a difference in the 
development of tensile strength.
Because HSC 0.5% SIO develops a very high early age tensile strength this 
may mean that plastic shrinkage cracking could be avoided because the
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material could be strong enough to resist the stresses imposed due to 
restrained shrinkage strains developed during hydration. However, because 
of the rapid loss of strain capacity in the material it may crack due to it's 
inability to deform to accommodate these restrained shrinkage strains. 
However if the developing framework of hydrates is too weak they may be 
unable to resist cracking fully. The relative importance of these two 
parameters is a crucial point in this study.
The high rate of strength gain may increase the material’s usability as high 
strength concrete.
After only two hours the cement paste stopped adhering to the aggregate 
particles and cracks began to form in a less random manner across the neck 
of the sample.
18000
16000
14000
12000
“  S 10000
I I
"  I  8000
I^  6000
4000
2000
0
95%
Confidence
limits.
Average strain 
(control)
Average stress 
(HSCI 0.5% 810)
Average strain 
v(HSC1 0.5% 810) Average stress 
(control)
1 2 3 4 5
250
200
150
100
50
Time (hours)
figure 5.8. Comparison of peak stress and strain at peak stress, with 95% 
confidence limits, for HSC 0.5% S1Q and Control mix 1
By reducing the addition rate of Sikamet 810 it can be seen that the 
parameters that control the loss of strain capacity and the development of 
tensile strength are changed. When more is known about the parameters 
surrounding plastic shrinkage cracking it may be that the behaviour of the
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fresh concrete can be modified to minimise plastic shrinkage cracking by the 
use of admixtures. Sikamet S10 is a sulphonated vinyl copolymer based 
superplasticiser and is made up of 40% solids, in the form of long chain 
polymers held in suspension. Other superplasticisers based on melamine 
contain only 20% of these solids making them less effective than the 
naphthalene based superplasticisers. For this reason it was decided to test 
the same basic mix made with a less effective, melamine based, 
superplasticiser called Daracem SP5. The effect of this substitution had on 
the loss of strain capacity and the development of tensile strength was 
monitored.
5.1.3 Results and discussions for the measurement of tensile stress-strain 
curves for the HSC 1.75% SP5 in sealed conditions
As Daracem SP5 was not as effective a superplasticiser as Sikamet SIO the 
water/cement ratio of the mix was raised from 0.29 to 0.34 and an addition 
rate of 1.75% SP5 / cementitious material was used. When HSC 1.75% SP5 
was mixed a range of slump values of between 50mm and 100mm, typically 
75mm, was recorded.
Figure 5.9 shows a typical set of tensile stress-strain curves for HSC 1.75% 
SP5. It can be seen from these curves that the peak stress at four hours was 
much higher than that for Control mix 1, or HSC 0.5% SIO, at over 300 kPa 
rather than 90 kPa or 180 kPa respectively. However the strain at peak 
stress was comparable to Control mix 1. This point is illustrated in Figure 
5.10. Only the results for four hours, for HSC 1.75% SP5, are shown in 
Figure 5.10 as three of the samples at this age were too strong, at over 357 
kPa, to be tested using the zero friction tensile test apparatus.
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Figure 5.9. A tvpical set of tensile stress-strain curves for HSC 1.75% SP5
Figure 5.10 shows that for the four hours over which the material was 
monitored the strain capacity of HSC 1.75% SP5 was not very different than 
of Control mix 1 and there was an overlap in the 95% confidence limits for 
the two materials. After two hours strength gain took place at a higher rate for 
HSC 1.75% SP5 than Control mix 1.
The average peak stress for HSC 1.75% SP5 rose from 3 kPa at one hour to 
255 kPa at four hours and the strain capacity fell from 9000 microstrain to 
approximately 150 microstrain. It may be reasonable to say that the stress- 
strain behaviour of Control mix 1 and HSC 1.75% SP5 was similar with 
regard loss of strain capacity but there was a difference in the rate of 
development of tensile strength.
After only two hours, the cement paste in HSC 1.75% SP5 stopped adhering 
to the aggregate particles and cracks began to form in a less random manner 
across the neck of the sample.
Because HSC 1.75% SP5 developed a very high tensile strength this may 
mean that plastic shrinkage cracking could be avoided when using this 
material. This is because the material may be strong enough to resist the 
stresses imposed during the hydration process. The high rate of gain of 
strength may increase the material’s usability as high strength concrete.
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Figure 5.10. Comparison of peak stress and strain at peak stress, with 95% 
confidence limits, for HSC 1.75% SP5 and Control mix 1
It can be seen that the less powerful melamine based superplasticiser had 
much less of a retarding effect on the early age strength development and 
retention of strain capacity than the more powerful sulphonated vinyl 
copolymer based superplasticiser.
5.1.4 Results and discussions for the measurement of tensile stress-strain 
curves for the pfa based HSC in sealed conditions
As the pfa based HSC was made after the arrival of the new supply of sand 
and cement it was compared to control mix 2. The pfa based HSC mix had a 
slump value in the range of 50 -  100mm, typically 75mm.
Figure 5.11 shows a typical set of tensile stress-strain curves for the pfa 
based HSC. It can be seen from these curves that the peak stress at five 
hours was much higher than that for Control mix 2 at around 180 kPa rather 
than 70 kPa. However the strain at peak stress was comparable to Control 
mix 2. This point is illustrated in Figure 5.12.
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Figure 5.11. A typical set of tensile stress-strain curves for pfa based HSC
Figure 5.12 shows that over the five hours the strain capacity of the pfa 
based HSC was not very different to that of Control mix 2. After two hours the 
strength gain for the pfa based HSC was at a higher rate than Control mix 2. 
The average peak stress for the pfa based HSC rose from 3 kPa at one hour 
to around 190 kPa at five hours and the strain capacity fell from 16000 
microstrain to approximately 150 microstrain. It may be reasonable to say 
that the stress-strain behaviour of Control mix 2 and the pfa based HSC was 
similar with regard to the loss of strain capacity but there was a difference in 
the rate of development of tensile strength.
After only two hours the cement paste, in the pfa based HSC stopped 
adhering to the aggregate particles and cracks began to form in a less 
random manner across the neck of the sample.
The pfa based HSC developed a relatively high early age tensile strength. 
This may mean that plastic shrinkage cracking could be avoided, when using 
this material, because the material could be strong enough to resist the 
stresses imposed during the hydration process. Also this material retained 
quite a high strain capacity over the five hour test period and so may be able 
to deform to accommodate any shrinkage strains developed.
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Figure 5.12. Comparison of strain at peak stress and peak stress for pfa 
based HSC. with 95% confidence limits, and Control mix 2
5.1.5 Results and discussions for the measurement of tensile stress-strain 
curves for the ggbs based HSC in sealed conditions
As the ggbs based HSC was made after the arrival of the new supply of sand 
and cement it was compared to Control mix 2. The ggbs based HSC had a 
slump value in the range of 40 -  70mm, typically 50mm.
Figure 5.13 shows a typical set of tensile stress-strain curves for the ggbs 
based HSC. It can be seen from these curves that the peak stress at five 
hours was higher than that for Control mix 2 at around 110 kPa rather than 
70 kPa. However the strain at peak stress was comparable to Control mix 2. 
This point is illustrated in Figure 5.14.
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Figure 5.13. A tvpical set of tensile stress-strain curves for ggbs based HSC
Figure 5.14 shows that over five hours the strain capacity of the ggbs based 
mix was very different to that of Control mix 2. The ggbs based HSC showed 
a lower strain capacity than Control mix 2 for the first three hours. After two 
hours the strength gain took place at a higher rate for the ggbs based mix 
than Control mix 2
The average peak stress for the ggbs based mix increased from 3 kPa at one 
hour to around 120 kPa at five hours and the strain capacity fell from only 
5000 microstrain to approximately 150 microstrain. It may be reasonable to 
say that the stress-strain behaviour of Control mix 2 and the ggbs based mix 
was different with regard both the loss of strain capacity and rate of 
development of tensile strength.
After only two hours the cement paste in the ggbs based HSC stopped 
adhering to the aggregate particles and cracks began to form in a less 
random manner across the neck of the sample.
The ggbs based HSC developed a relatively high early age tensile strength, 
this may mean that plastic shrinkage cracking could be avoided when using 
this material, because the material may be strong enough to resist the 
stresses imposed during the hydration process. However, the ggbs based 
mix had a very low strain capacity, even at one hour, therefore if retention of 
a high strain capacity is the significant factor, with regard to reducing plastic
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shrinkage cracking, then the ggbs based mix may have a propensity towards 
plastic shrinkage cracking.
(/)
^  (0 
(TJ i :  
CD Ui
t l
20000
18000
16000
14000
12000
10000
8000
6000
4000
2000
0
Average strain
CcxTfidenoe
limits
Average stress 
(Ggbs HSC )
Average strain 
(Ggbs HSC ) Average stress 
(Control)
180
160
140^
120 I
100^ 
SUi80
40
20
0
Time (Hours)
Figure 5.14. Comparison of strain at peak stress and peak stress for ggbs 
based HSC. with 95% confidence limits and Control mix 2
5.1.6 Results and discussions for the measurement of tensile stress-strain 
curves for the Metastar 501 based HSC in sealed conditions
As the Metastar 501 based HSC was made after the arrival of the new supply 
of sand and cement it was compared to Control mix 2. The Metastar 501 
based HSC had slump values in the range of 60 -  100mm, typically 75mm. 
Figure 5.15 shows a typical set of tensile stress-strain curves for the Metastar 
501 based mix. It can be seen from Figure 5.15 that there are only three 
curves shown for the Metastar 501 mix. This is because after this point the 
Metastar 501 based mix was too strong in tension to be tested using the zero 
friction tensile test apparatus. The peak stress at three hours was much 
higher for the Metastar 501 based HSC than that for Control mix 2 at around 
210 kPa compared with 70 kPa. The strain at peak stress was also very 
different for the Metastar 501 based HSC compared with Control mix 2. After
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three hours the strain at peak stress for the Metastar 501 based HSC was 
only 150 microstrain whereas for Control mix 2 this was closer to 2500 
microstrain. This point is illustrated further in Figure 5.16.
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Figure 5.15. A typical set of stress-strain curves for Metastar 501 based HSC
Figure 5.16 shows that, over the first three hours, the strain capacity of the 
Metastar 501 based HSC was very different to that of Control mix 2. After two 
hours the strength gain was at a higher rate for the Metastar 501 based mix 
than Control mix 2. The 95% confidence limits for the Metastar 501 based 
HSC were very broad and this shows the high degree of variability found 
when testing this material.
The average peak stress for the Metastar 501 based HSC increased from 4 
kPa at one hour to around 100 kPa at three hours and the strain capacity fell 
from 6000 microstrain to approximately 150 microstrain. It is therefore 
reasonable to say that the stress-strain behaviour of Control mix 2 and the 
Metastar 501 based HSC were very different with regard to both the loss of 
strain capacity and the rate of development of tensile strength.
After only one hour the cement paste, in the Metastar 501 based HSC 
stopped adhering to the aggregate particles and cracks began to form in a 
less random manner across the neck of the sample.
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The Metastar 501 based HSC developed a very high early age tensile 
strength, this may mean that plastic shrinkage cracking may be avoided 
when using this material, because the material could be strong enough to 
resist the stresses imposed during the hydration process. However, the 
Metastar 501 based HSC had a very low strain capacity, even at one hour, 
therefore if retaining a high strain capacity is the significant factor, with regard 
to reducing plastic shrinkage cracking, then the Metastar 501 based HSC 
may have a propensity towards plastic shrinkage cracking.
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108
Results and discussions
5.2 Measurement of negative pore pressure development in sealed
conditions
There is known to be a poor level of repeatability associated with this test 
technique that manifests itself in a loss of pressure at a random point in time 
and pore pressure development. This point was named, by previous authors 
(Wittmann 1976)(Holmes 1992) as the break-through pressure and they 
believed it to take place at or after a maximum negative pore pressure has 
been reached.
There are two explanations put forward in literature to explain the 
phenomenon of break-through. Wittmann (Wittmann 1976) explains break­
through as the point at which the water molecules within the hydrating mass 
become unstable and re-arrange themselves. Holmes (Holmes 1992) 
proposes that negative pressure develops in the mix water within the 
capillaries and pores in the hydrating mass. Therefore, as the mix water is 
consumed, either by hydration or evaporation, if a meniscus in one of these 
capillaries reaches a void in the hydrating mass this meniscus will be broken 
and therefore the negative pore water pressure at that point will be relieved. 
Figure 5.17. Both of these explanations explain why break-through may 
occur but there is nothing to show how this would relate to the maximum 
pressure within the system. Holmes' theory can also be extended to the loss 
of menisci within cracks that may form within the mass. Also the tip of the 
probe is approximately 135mm above the transducer and the changes in 
pressure must be passed from the hydrating mass through a silicon grease 
plug, to a column of de-aired water and through a coupling unit in order to 
reach the transducer.
The explanations proposed by Whittman and Holmes to explain break 
through are probably correct and probably take place either individually or 
together, either way break through will occur.
It is almost inevitable that there will be an occasional loss of pressure through 
the system. Also a leak in the system may mean that pressures are never 
properly registered. Such a situation could be caused by grit in the coupling
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unit or air trapped somewhere in the measuring system that may compromise 
the transference of pressure through this system.
Pressure
Loss of 
pressure
Stage 1 Stage 3 Stage 4Stage 2
Figure 5.17. Development and loss of negative pore pressure (After
Holmes1992).
Stage 1 At this point there is still a layer of bleed water on the surface of
the hydrating mass so the material is in equilibrium. There is an 
increase in negative pressure recorded during the transition 
between stage 1 and 2 due to the development of a self- 
supporting network of hydrates. This framework will relieve any 
compressive forces from the material acting on the tip of the 
probe.
Stage 2 As bleed water Is lost, due to hydration or evaporation, a
meniscus is formed in the capillaries and a pressure differential 
is set up and a negative pore pressure begins to develop.
Stage 3 As the meniscus is forced into the capillary the negative pore
pressure increases as the radius of the capillary reduces.
Stage 4 When the meniscus reaches a void in the hydrating mass it is
broken. At this stage the negative pore pressure is relieved, but 
not always by enough to return the system to equilibrium.
The rate of hydration in a concrete mass is not homogenous there are zones
within the mass that are at a more advanced stage of hydration than others.
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Some areas are rich in paste and other areas have a high level of entrapped 
air. It is in the paste phase of concrete that negative pore pressure develops. 
The tip of the probe is positioned randomly in the hydrating mass so the 
results gained are dependent on the position of, and the micro-environment 
around, the tip of the probe. Although there will also be pressure 
transmission from a distance, depending on the permeability of the hydrating 
material.
The internal diameter of the probe is only 0.8mm and it is the pressures 
immediately around this probe that are recorded by the transducer. If there is 
a void at or near the tip of the probe when, or if, the pressure in this void is 
lost due to the menisci breaking then the probe will register a loss in 
pressure. Yet adjacent to this there may be a zone rich in paste that is still 
developing negative pore pressures that may go unrecorded.
The same supposition can be applied to Wittmann’s (Wittmann 1976) theory 
about the re-arrangement of water molecules taking place thus causing 
“break-through” in the pressure development. There is no doubt that the 
water within the mass will move around as hydration or evaporation takes 
place. Water will migrate around the mass due to gravity, through fissures 
caused by self-desiccation or as the mix water becomes vapour as negative 
pore pressures increase and internal hydration temperatures rise. Yet in 
another region of the mass, possibly where the water has migrated to, the 
negative pore pressure may still be developing or may be locked in.
A test to prove this supposition was carried out. A polystyrene bead, of a 
nominal diameter of 7mm, was placed on the end of the probe and this was 
cast into a sample of the control mix to represent the presence of an air 
bubble. When this was done no significant negative pore pressures were 
recorded. Figure 5.18. Test results have also shown that negative pore 
pressure can develop within a hydrating system and not be released as 
shown by the control mix. Figure 5.18, where no break-through has taken 
place even though negative pore pressure development has reached a high 
value. The results in Figure 5.18 were carried out on Control mix 1.
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Figure 5 18 The effect that an air void around the tip of the probe will have on 
pore pressure measure measurement
It may be, therefore, that the break-through point is arbitrary and is 
dependent on the environment around the tip of the probe and may have no 
bearing on the maximum negative pore pressure in the concrete under test 
as a whole. The question then arises as to which of the measured negative 
pore pressure curves best represents the bulk material. One approach that 
has a logical basis is to take the most negative and complete negative pore 
pressure curve, with the greatest negative breakthrough pressure or no 
breakthrough pressure, for each material tested. These results clearly have 
the least problems local to the probe tip, with regard loss of pressure, and 
have no obvious leaks in the measuring system.
5.2.1 Results and discussions for the measurement of negative pore 
pressure development in sealed conditions
Figures 5.19 and 5.20 show the maximum negative pore pressure developed 
over 24 hours for the various concrete mixes tested. Figure 5.19 shows the 
results for the concrete made with the original supply of materials and Figure
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5.20 shows the results for the concrete made with the new supply of sand 
and cement.
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Figure 5.19. Pore pressure development in the various concrete mixes made 
with the original supply of materials
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Figure 5.20. Pore pressure development in the various concrete mixes made 
with the new supply of materials
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5.2.2 Control mixes
The negative pore pressure development in Control mix 1 was very slow over 
the first four hours and at five hours the pore pressure was -15kPa. After this 
the negative pore pressure developed for the rest of the 24 hours up to -78 
kPa. See Figure 5.19.
At early ages the low negative pore pressure developed in Control mix 1 
would suggest that no cracking should take place when using this material 
under good curing conditions. This assumes that negative pore pressure is 
the mechanism that drives plastic shrinkage and therefore causes 
subsequent plastic shrinkage cracking.
Control mix 2, Figure 5.20, showed a different pattern of negative pore 
pressure development than control mix 1. By 12 hours the second control mix 
reached a maximum of -65 kPa. At 12 hours Control mix 1 had reached a 
negative pore pressure of around -50 kPa. The negative pore pressure in 
Control mix 2 was relieved slightly at 13 hours and after 24 hours this 
negative pore pressure was around -50 kPa.
5.2.3 HSC 1.5% S I0
The negative pore pressure development in HSC 1.5% 810 can be seen in 
Figure 5.19. There was a dormant period of around 6.5 hours during which 
no negative pore pressures are developed. This was thought to be due to the 
retarding effect of the superplasticiser Sikament 810. The pore pressure in 
this material was only -16 kPa after 24 hours which was a much lower 
negative pore pressure than recorded in the other mixes tested, including the 
control mixes.
The lack of early negative pore pressure development in this material may be 
explained by the large dosage and retarding effect of the 810 
superplasticiser. This can lead to the capillaries staying artificially ‘wet’ for 
longer than normal, meaning that negative pore pressures were unable to 
develop (Cabrera 1992) as loss of water from the capillaries due to hydration 
or drying is seen as the major cause for negative pore pressure development
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(Wittman 1976). Also superplasticisers reduce the surface tension of the mix 
water and this reduction in surface tension can also reduce the development 
of negative pore pressure (Cabrera 1992).
5.2.4 HSC 0.5% S10
The negative pore pressure development in HSC 0.5% S10, Figure 5.19, 
takes place after approximately 3 hours which suggests the presence of a 
self supporting framework of hydrates at a very early age. A negative pore 
pressure of -78kPa after 5 hours, which develops to a maximum pressure of 
-83 kPa after 24 hours was recorded.
If negative pore pressure is the driving force behind plastic shrinkage 
cracking then it would be expected that HSC 0.5% S10 would be more prone 
to plastic shrinkage cracking than the Control mixes.
5.2.5 HSC 1.75% SP5
HSC 1.75% SP5 reached a maximum negative pore pressure o f -88 kPa 
after 5 hours, Figure 5.19. This pressure was then relieved to approximately 
-80 kPa, the pressure stayed at this level for the rest of the 24 hour test 
period. If negative pore pressure development is the driving force behind 
plastic shrinkage cracking then due to the high early age negative pore 
pressures that develop In this material it would be expected that this material 
is more prone to plastic shrinkage cracking than the control mix.
5.2.6 Pfa based HSC
The pfa based HSC, Figure 5.20, developed a negative pore pressure o f-78 
kPa after 6 hours but showed a dormant period of around 4 hours. This 
means that the majority of the negative pore pressure developed in this mix 
is developed over a 2 hour period. If negative pore pressure is the driving 
force behind plastic shrinkage and therefore plastic shrinkage cracking then 
this mix may be prone to plastic shrinkage cracking during this period.
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After 7 hours the pressure within the material was relieved to around -15 kPa.
5.2.7 Gobs based HSC
This material seemed to behave in a very similar way to Control mix 2, for the 
first 3 hours after placing, when a negative pore pressure of -15 kPa was 
measured, see Figure 5.20. After this there appeared to be a loss in 
pressure, this pattern was repeated each time this test was carried out on 
this mix. This means then that if negative pore pressure is the driving force 
behind plastic shrinkage this mix, if the measured negative pore pressure 
results are correct, may not be susceptible to plastic shrinkage cracking.
5.2.8 Metastar 501 based HSC
The maximum negative pore pressure developed in this mix was around -50 
kPa which was developed after only 4 hours. Figure 5.20. Although the 
negative pore pressures developed by this material were not as large as 
those developed in some of the other high strength concretes tested, the 
pressures developed by it were developed very early. It may be that this 
material is capable of developing higher negative pore pressures than those 
measured but, for the reasons put forward earlier in this chapter, the 
apparatus may not have measured these pressures. These problems may 
have become exaggerated when using this mix as it suffered a rapid loss in 
workability from the time of mixing to placing. This means that there may be 
more air voids present in this material than some of the others tested. After 
the maximum negative pore pressure was reached, after 4 hours, the 
pressure was relieved to around -10 kPa. Due to the early onset of the 
negative pore pressure development in this material it may be prone to 
plastic shrinkage cracking, if negative pore pressure is the mechanism that is 
responsible for driving plastic shrinkage cracking.
116
Results and discussions
5.3 Free shrinkage strain measured in sealed conditions
Figures 5.21 and 5.22 show the average development of free shrinkage 
strains over 24 hours of four samples of the various mixes tested in sealed 
conditions.
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Figure 5.21. Earlv age shrinkage strain development using the original batch
of materials
By examining Figures 5.21 and 5.22 it can be seen that all the shrinkage 
curves begin at different times. This is initial set must take place before 
shrinkage can be measured. The reason for this is that concrete acts as a 
fluid. This means that as gravity acts on the fresh material there is no 
resistance to this and therefore the material settles between the metal strips. 
When the material has developed a self-supporting structure that can resist 
this settling shrinkage strains are measured.
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Figure 5.22. Earlv age shrinkage strain development using the new batch of 
materials
5.3.1 Control mixes
It can be seen in Figures 5.21 and 5.22 that the control mixes do not show 
any signs of shrinkage when tested in sealed conditions. In fact there is a 
slight expansion recorded. If this expansion, of around 50 microstrain, were 
expressed in millimetres this would be 0.005 mm in 100 mm. For this reason 
no plastic shrinkage cracks are expected in this material, as plastic shrinkage 
cracks are believed to occur when plastic shrinkage is restrained.
5.3.2 HSC 1.5% S10
From Figure 5.21 it can be seen that it took about 6.5 hours for HSC 1.5% 
810 to settle and begin to develop shrinkage strains. This means that there 
was a dormant period during which no shrinkage strains were measured, this 
dormant period can be attributed to the high dosage of the retarding 
superplasticer 810. Shrinkage strains stopped developing at 10 hours, at a 
shrinkage strain of 125 microstrain, this remained constant for the rest of the 
24 hour test period. If this shrinkage was restrained it may be possible that
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plastic shrinkage cracking could develop unless enough strength has 
developed in the material to withstand this shrinkage stress. Shrinkage stress 
has, however, been recorded in high strength concretes without the 
associated strain and vice versa (Orr 1971).
5.3.3 HSC 0.5% S1Q
HSC 0.5% S10, Figure 5.21, developed shrinkage strains immediately after 
placing and there was no dormant period. This can be attributed to the low 
addition rate of this superplasticiser S10 used in this mix. Like HSC 1.5% 
S10 it can be seen that HSC 0.5% S10 reached a shrinkage strain of 125 
microstrain after 10 hours and again this remained constant for the rest of the 
test period. It is possible that if these strains were restrained plastic 
shrinkage cracking may be seen. Although shrinkage strains developed 
immediately in this material they developed at a slow rate. It may then be 
possible that the tensile strength in the material would develop fast enough to 
resist these shrinkage strains.
5.3.4 HSC 1.75% SP5
Shrinkage strains began to develop in HSC 1.75% SP5 around half an hour 
after placing. This material is the same basic mix as HSC 0.5% S10 and HSC 
1.5% S10 but has a slightly higher water cement ratio, 0.34 rather than 0.29, 
and uses a less powerful and non-retarding superplasticiser, Daracem SP5. 
This means that although there is a higher addition rate of superplasticiser in 
HSC 1.75% SP5 than HSC 0.5% S10 and HSC 1.5% S10 this is a less 
effective superplasticiser.
Within the first 5 hours most of the shrinkage that takes place in this material 
has taken place. A shrinkage strain of 225 microstrain was developed and 
this remained constant for the rest of the 24 hour test period. If this high rate 
of early age shrinkage strain development were to be restrained it may well 
be expected that plastic shrinkage cracking maybe exhibited by this material.
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5.3.5 Pfa based HSC
The Pfa based HSC developed the lowest shrinkage strain of all of the high 
strength concretes tested, only 85 microstrain after 7 hours. Shrinkage 
strains began to develop 1.5 hours after placing in this mix. Figure 5.22. After 
this peak in shrinkage strain development there was what appeared to be an 
expansion in the material, which meant that from around the 12-hour stage 
the shrinkage strain in this material was only 50 microstrain. These are 
relatively low shrinkage strains when considering high strength concrete. This 
might mean that this mix could be less susceptible to plastic shrinkage 
cracking than the other high strength concretes tested.
When first mixed this material had a slump that was comparable with the 
other mixes but had a low addition rate of superplasticiser, 0.5% SP5, this 
could be due to the inclusion of 20% pfa cement replacement. Pfa, due to the 
size and shape of its particles, has a plasticising effect on the fresh concrete. 
This means that the hydration of this particular mix was not inhibited by a 
complex admixture.
5.3.6 Gabs based HSC
The ggbs based HSC began to develop shrinkage strains after 1 hour. Figure
5.22. From that point it acted in a similar manner to HSC 0.5% S10, in that it 
reached a maximum shrinkage strain of around 175 microstrain after 10 
hours. This maximum shrinkage strain remained constant for the rest of the 
24-hour test period. This material may exhibit plastic shrinkage cracking if 
these free shrinkage strains were restrained.
5.3.7 Metastar 501 based HSC
Metastar 501 based HSC showed the greatest development of shrinkage 
strain when compared with the other high strength concrete mixes tested. 
The shrinkage strain was around 275 microstrain after only 6 hours. Figure
5.22. Shrinkage strains developed immediately in this material after placing.
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It would be expected for this material to develop plastic shrinkage cracks if 
these large shrinkage strains were restrained.
5.4 Relationship between negative pore pressure and earlv age shrinkage
Authors have stated that a direct link exists between the onset of plastic 
shrinkage and the development of negative pore pressure (Wittmann 1976) 
(Justnes et al 1996). By examining Figures 5.19-5.22 there would appear to 
be no apparent link between these parameters. For instance, the control mix 
exhibits significant negative pore pressures, but virtually no shrinkage.
The idea that negative pore pressure development drives plastic shrinkage, 
which then causes subsequent plastic shrinkage cracking, makes perfect 
sense because the material does contract and this must happen for a reason. 
The fact that the material develops internal negative pore pressures would be 
an ideal explanation for this phenomenon.
Another explanation for shrinkage is that the products of hydration simply 
take up less space than the reactants (Tazawa et al 1997). Aïtcin et al (Aïtcin 
et al 1994) states that to achieve a gain in strength there is an inevitable 
reduction in volume.
Negative pore pressure is also caused by the loss of mix water during either 
the hydration process or evaporation (Wittmann 1976). If negative pore 
pressure drives shrinkage then it would be expected that the mixes that 
exhibit the highest degree of shrinkage would experience the highest degree 
of negative pore pressure development. This however, is not always true 
according to the research reported herein.
It may be that both shrinkage and negative pore pressures develop as a 
consequence of hydration yet the two processes are themselves not related 
to each other. Also it could be that mixes made with a low w/c ratio hydrate 
more readily than those of higher w/c ratio. This may explain the higher rates 
of strength gain and loss of strain capacity seen in mixes of low w/c ratio than 
those of a higher w/c ratio, or those containing retarding superplasticisers. 
This ready reaction may explain the greater degree of shrinkage strain and 
the early onset of negative pore pressure development that is exhibited by 
such mixes.
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5.5 Results and discussions for restrained ring tests
(
Having examined the plastic properties of high strength concretes of various 
compositions it became necessary to see what effect these parameters 
would have on the cracking behaviour of the mixes tested. To do this the 
concretes under test were cured in restrained ring moulds that were placed in 
a wind tunnel. The restrained ring moulds were designed to impose a high 
level of restraint in the hydrating material and the wind tunnel provided an 
aggressive curing environment. The purpose of this was to assess the 
propensity of the mixes towards plastic shrinkage cracking and therefore 
enable the identification of the dominant plastic property within the concrete 
that may promote or reduce plastic shrinkage cracking.
The restrained ring test is becoming the standard test technique for inducing 
plastic shrinkage cracking in the laboratory. However, results found using this 
method are highly variable (Soroushian et al 1998). An MEng final year 
student (Rawling 2000) carried out an in depth experimental programme, 
under close supervision of the author of this thesis, into the effects of 
polypropylene fibres, curing conditions and mix design on plastic shrinkage 
cracking of high strength concrete. The results of this study are discussed 
later in this thesis. As part of this work the statistical analysis of results 
showed that an unacceptable degree of variability was seen in the results 
found. There is no standardised method of measuring and quantifying the 
degree of plastic shrinkage cracking exhibited by the concrete under test 
(Balaguru 1992) this makes it very difficult to compare the results found in 
this study to those published by previous authors. The author of this thesis 
also carried out restrained ring tests and found that certain mixes cracked on 
a regular basis whereas other mixes never cracked. Only a limited number of 
samples were able to be tested in this manner due to the scale of the tests 
and amount of material and time required to carry out these tests. At least 
two rings were made for each material, if signs of cracking were detected 
further samples were made and the cracked area measured. It was decided 
that due to the lack of repeatability discussed earlier that the only useful 
information that could be gained from such a limited number of restrained
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ring tests was whether or not, and at what age a concrete mix exhibited 
plastic shrinkage cracking.
Due to the nature of plastic shrinkage cracking, in that it does not 
compromise the structural integrity of a member but does compromise the 
durability and aesthetics of it, the presence of any plastic shrinkage cracks 
can be deemed unsatisfactory. For this reason it was decided that the fact 
that a mix exhibited any plastic shrinkage cracking was unacceptable so it 
would be disingenuous to compare the level of cracking found and implying 
that there is a limit at which cracking becomes unacceptable.
There follows a very brief discussion of the results found for the materials 
tested followed by an in depth discussion of the implications of these findings 
when tensile stress-strain properties, negative pore pressure and shrinkage 
strain development are taken into account.
5.5.1 Control mixes
The control mixes, made using both the original and new supplies of sand 
and cement, exhibited no plastic shrinkage cracking.
5.5.2 HSC 1.5% S I0
Cracking started after VA hours and continued until 4% hours after placing.
5.5.3 HSC 0.5% S1Q
Cracking started after 1 hour and continued until 3 hours after placing.
5.5.4 HSC 1.75% SP5 (See photograph 5.1)
Cracking started after 1 hour and continued until 4 hours after placing.
5.5.5 Pfa based HSC
No cracking was seen in the Pfa based HSC.
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5.5.6 Gabs based HSC
Cracking started after 3 hours and continued until 6 hours after placing.
5.5.7 Metastar 501 based HSC
No cracking was seen in the Metastar 501 based HSC.
5.6 Discussions regarding the instances of plastic shrinkage cracking found
Of the seven mixes tested three did not to succumb to plastic shrinkage
cracking, one of which was the control mix. By examining the results found, tpwith regard pensile strength gain and loss of tensile strain capacity, it was not 
obvious why some mixes cracked and others did not crack. The peak stress 
and strain at peak stress against time curves for all the high strength 
concretes tested fell on either side of the curves for the control mix. For 
example HSC1.5% S10 gains strength and loses strain capacity more slowly 
than the control mix whereas HSC 0.5% 810 gains strength and loses strain 
capacity more quickly than the control mix yet both of these high strength 
mixes cracked in the restrained rings. Also by examining those mixes that did 
not crack it can be seen that there was no commonality between these 
mixes, with regard to stress-strain relationship compared with the control mix 
or with each other. This would suggest that the information required to predict 
the likelihood of plastic shrinkage cracking of a given mix lies elsewhere or 
that more information about the hydration process than just the peak stress 
and strain at peak stress against time in sealed conditions is required is 
required.
Although HSC1.5% 810 generated a lower negative pore pressure than the 
other mixes tested here, high shrinkage strain development combined with 
an underdeveloped (weak) crystalline network may therefore have allowed 
plastic shrinkage cracking to take place. The reason that the lower pore 
pressure is recorded in this mix could be due to the inclusion of the 
superplasticiser 8ikamet 810 at a high addition rate. It was thought that by 
extending the period of high tensile strain capacity, otherwise known as the
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plastic period, the material would be able to deform enough to absorb strains 
that may lead to cracking. However, it could simply mean that by extending 
the plastic period the time over which plastic shrinkage cracking may occur is 
extended thus increasing the possibility of the occurrence of plastic shrinkage 
cracking (Dahl et al 1985).
It may be then that there are no hard and fast rules with regard to whether a 
concrete mix will be susceptible to plastic shrinkage cracking and the mixes 
stress-strain relationship. Each mix may generate or limit plastic shrinkage 
cracking for reasons that would not apply to another mix design. It could be 
that neither tensile strength nor strain capacity of the hydrating material is the 
controlling factor as to whether a mix will or will not crack, but, tensile 
strength gain may determine the degree of cracking that is experienced. A 
fast transition period between fluid and solid states appears to limit cracking 
(Justnes 1996) but not stop cracking occurring.
All of the high strength mixes tested developed larger free shrinkage strains 
than the control mix. Therefore, if previous research that links high negative 
pore pressure with high shrinkage strain development (Witmann 1976, 
Cabrera 1992, Justnes 1996) and therefore plastic shrinkage cracking is 
correct then it should be true to say that all of the high strength concrete 
mixes must have generated a higher negative pore pressure than the control 
mix because they generate higher shrinkages. This however is not the case. 
If one examines the negative pore pressure development of HSC 1.5% S10 
one may predict that a low free shrinkage would be found and therefore no 
plastic shrinkage cracking would be seen. This is because HSC1.5% 810 
exhibits a lower rate of negative pore pressure development than all the other 
concrete mixes tested here, including the control mix. However the free 
shrinkage strains exhibited by H8C 1.5% 8P5 are comparable to the other 
high strength concretes tested, and plastic shrinkage cracks were seen when 
testing H8C1.5% 810 in the restrained ring test apparatus.
The control mix did not develop any shrinkage strains and did not crack when 
tested in the restrained ring test apparatus. Yet it did develop an ultimate 
negative pore pressure that was comparable to the high strength concretes. 
Therefore the link between negative pore pressure and shrinkage strain 
development is called into question. Also the Metastar based H8C developed
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a sealed shrinkage strain that was twice that of HSC 0.5% 810 and H8C 
1.5% 810 but did not crack in the restrained ring test apparatus. This calls 
into question the theory that restraining free shrinkage causes plastic 
shrinkage cracking to occur.
All of the mixes that exhibited plastic shrinkage cracking when exposed to 
wind were tested again in the restrained rings, in sealed conditions. This 
would determine whether the wind, which facilitated a higher rate of water 
loss from the concrete, was the controlling factor in the plastic shrinkage 
cracking of the concrete mixes in question. The control mix was also tested in 
this way. None of the mixes tested in sealed conditions generated plastic 
shrinkage cracks, also there was excess water found on the surface of all of 
the concrete tested in sealed conditions. An example of plastic shrinkage 
cracking viewed from the underside of the sample, i.e. the cracks that were 
measured and noted, in H8C 1.75% 8P5 can be seen in Photograph 5.1. 
Photographs 5.2 and 5.3 show the contrast between the surface conditions of 
the concrete, of the same mix design, cured in exposed and sealed 
conditions.
Photograph 5.1 An example of a plastic shrinkage crack, in H8C 1.75% 8P5. 
viewed from the underside of the sample
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Photograph 5.2 An example of the surface of HSC 1.75% SP5 cured in the 
wind tunnel in drying conditions
The presence, or not, of cracks cannot be seen in either Photographs 5.2 or
5.3 due to; the scale of the photographs, poor photographic equipment and 
lighting and the fineness of any cracks present. Photograph 5.2 shows the 
surface of the material is dry and Photograph 5.3 shows the presence of 
surface water. It was, therefore, apparent that there were two systems in 
operation, one in the mixes tested in sealed conditions and the second in the 
mixes tested when exposed to wind.
To assess the effects of early age curing, Rawling (Rawling 2000), under the 
supervision of the author of this thesis, tested restrained rings that were 
sealed for an initial 2 hours in the wind tunnel and then exposed to the wind. 
This showed a statistically significant reduction, within 95% confidence limits
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in plastic shrinkage cracking when compared to a ring of the same material 
exposed to wind immediately after mixing. The actual reduction in plastic 
shrinkage cracking found was 67%.
Photograph 5.3 An example of the surface of HSC 1.75% SP5 cured in 
suface sealed conditions
To fully understand the mechanisms at work in the materials exposed to wind 
it was decided that further testing was required in which these mechanisms 
could be monitored. The results and implications of these tests can be seen 
in sections 5.6 and 5.7.
A factor that links all of the mixes that cracked is the inclusion of microsilica 
in their production. For this reason further tests were also deemed necessary
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into the effects of microsilica on plastic shrinkage cracking. The results and 
implications of these tests can be seen in section 5.8.
Aggregate / paste ratio may also be a factor as to why high strength concrete 
is more susceptible to plastic shrinkage cracking. A typical aggregate / paste 
ratio for the high strength concretes tested here was 2.405 whereas for the 
control mix this value was 3.417. This means that there is a larger amount of 
paste present in the high strength mix. It is within the paste matrix that plastic 
shrinkage cracks develop therefore a greater amount of paste may mean a 
greater level of plastic shrinkage cracking.
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5.7 Results and discussions for tests exposed to wind
5.7.1 The measurement of tensile stress-strain curves for the control mix 
cured in sealed and exposed conditions
From literature it would appear that plastic shrinkage cracking is more likely 
to appear in concrete that is exposed to wind immediately after mixing 
(Bloom et al 1995). It was assumed at the start of this research project that in 
industry good practice dictates that fresh concrete should be cured properly 
and not exposed to aggressive climates, for this reason it was decided that 
the concrete tested should be tested in sealed conditions.
To assess what would happen to the stress-strain relationship if best practice 
was ignored and fresh concrete was exposed to wind immediately after 
mixing a batch of Control mix 2 was prepared. Three samples were cured in 
sealed conditions and three were exposed to a wind of approximately 4 m/s. 
The samples, one of each, were tested at one, three and five hour intervals 
concurrently. Figure 5.23 shows a typical set of tensile stress-strain curves 
for the control mix tested under both conditions.
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Figure 5.23 Comparison of stress-strain curves for the control mix, exposed 
and sealed
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It can be seen that the curves for the samples tested under the different 
conditions are slightly different and that the exposed samples appear to show 
marginally greater tensile strength and lower strain capacity than those 
samples cured in sealed conditions. This difference could be due to the loss 
of water from the surface of the samples exposed to wind.
Figure 5.24 shows the comparison of the average peak stress and strain at 
peak stress for the control mix cured in exposed and sealed conditions for 
four sets of stress-strain curves.
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Figure 5.24.Comparison of average peak stress and strain at peak stress for 
Control mix 2 tested in sealed conditions and exposed to wind at -4m/s
It can be seen that the average strain at peak stress at one hour for both 
samples, cured in exposed and sealed conditions, is similar at 8500 
microstrain and 10500 microstrain respectively, at three hours the strain 
capacity had decreased to 1000 and 2000 respectively. This would imply that 
when exposed to wind the control mix looses strain capacity at an increased 
rate. However, if one examines the strain capacity at five hours this is
131
Results and discussions
identical for both samples at around 250 microstrain. One may assume then 
that over the five hour test period wind has very little effect on the loss of 
strain capacity of the control mix.
After one hour the tensile strength of the samples cured in both conditions is 
around 3 kPa; after this the sample exposed to wind increases at an 
marginally increased rate. At three hours the sample exposed to wind has 
reached a tensile strength of 18 kPa whereas the sample cured in sealed 
conditions has reached a tensile strength of 10 kPa. The difference in tensile 
strength is similar after 5 hours at 70 kPa and 80 kPa for the sealed and 
exposed samples respectively. The results for the two conditions are 
therefore very similar. toIf retention of strain capacity is the limiting factor with regard ^ plastic 
shrinkage cracking then there is insufficient difference in the results found, 
with regard to loss of strain capacity, to distinguish between the control mix 
cured in sealed and exposed conditions. When considering the results found 
with regard to the development of tensile strength, again the difference is so 
small that it could be considered negligible.
If early age strength gain is the parameter that limits plastic shrinkage 
cracking then the sample exposed to wind would ironically be seen as the 
sample less likely to exhibit plastic shrinkage cracking.
5.7.2 Results and discussions for the measurement of negative pore 
pressure development in concrete exposed to wind
Initially wind was passed over a sample that was set up in the same way as 
for the sealed tests but there was very little difference in the results found 
(Labridis 2000). For this reason a probe, of the same length, was placed into 
a shallower mould than was used initially. This meant that the probe was i5Tm«  ^
closer to the surface of the finished concrete. Wind was then passed over 
samples set up in this manner and the effects on negative pore pressure was 
measured. Figures 5.25 and 5.26 show the average development of pore 
pressure over 24 hours in the various mixes exposed to a wind of « 4m/s.
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Figure 5.25 Pore pressure development in various concrete mixes, made 
with the original materials, exposed to wind
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Figure 5.26 Pore pressure development in various concrete mixes, made 
with new materials, exposed to wind
The poor level of repeatability associated with this test technique, discussed 
earlier in this chapter, became exaggerated when samples were tested in 
exposed conditions. This is because the probe is much closer to the surface 
of the material and the material is drying rapidly, this means that the 
continuous water phase required to measure pressures effectively is being
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lost at an accelerated rate. When this water phase is lost “break-through” is 
inevitable.
5.7.3 Control mixes
Negative pore pressure development in Control mix 1 was very slow over the 
first five hour period and in this time had only reached -40kPa. Negative pore 
pressure continued to develop until 10 hours after placing and a pore 
pressure of around -83kPa was recorded at this point. See Figure 5.25. The 
ultimate negative pore pressure found in exposed conditions was very similar 
to that found in sealed conditions but, in exposed conditions this ultimate 
negative pore pressure was achieved in approximately 10 hours, as opposed 
to 24 hours when tested in sealed conditions.
Control mix 2 showed a slightly different pattern of negative pore pressure 
development from Control mixl. Figure 5.26. By 7.5 hours Control mix 2 
reached a maximum of -80kPa. The negative pore pressure in Control mix 2 
was relieved after this maximum and after 24 hours the negative pore 
pressure recorded was around -30 kPa. The ultimate negative pore pressure 
found in exposed conditions was very similar to that found when testing the 
control mix in sealed conditions, but this ultimate negative pore pressure was 
achieved in approximately 7 hours, when exposed to wind, as opposed to 12 
hours when tested in sealed conditions.
5.7.4 HSC 1.5% SIC
The negative pore pressure development in HSC 1.5% 810 exposed to wind 
can be seen in Figure 5.25. There was a dormant period of around 2.5 hours 
during which no negative pore pressures were developed. This was thought 
to be due to the retarding effect of the superplasticiser. The ultimate negative 
pore pressure in this material was recorded as approximately -60kPa after
7.5 hours.
This was much greater than the same material tested under sealed 
conditions, which reached a maximum negative pore pressure of -IGkPa 
after 24 hours and had a 6.5 hour dormant period.
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5.7.5 HSC 0.5% S10
The negative pore pressure development in HSC 0.5% S10, Figure 5.25, 
took place around half an hour after placing suggesting the presence of a 
self-supporting framework of hydrates at a very early age. When tested in 
sealed conditions the onset of negative pore pressure began after 3 hours. 
The exposed sample reached a negative pore pressure o f-23 kPa after only
1.5 hours but pressure was then lost due to “break-through”. If “break­
through” had not occurred at this point there is no evidence to suggest that 
the exposed sample would have reached a higher ultimate negative pore 
pressure than the sealed sample but this ultimate pore pressure would 
probably have been reached earlier in the exposed sample than the sealed 
sample.
5.7.6 HSC 1.75% SP5. pfa based HSC and Metastar 501 based HSC
When testing the development of negative pore pressure in these materials 
when exposed to wind no meaningful results were found. This could be due 
nature of the material and be related to the accelerated loss of water from the 
hydrating system making it impossible to measure pore pressure 
development for more than the first few hours after placing. Extra testing was 
carried out on these materials, the results shown in Figures 5.25 and 5.26 
were the most complete found.
5.7.7 Ggbs based HSC
When cured in exposed conditions this material began to develop negative 
pore pressures after approximately 1/4 of an hour after placing and reached 
an ultimate negative pore pressure of around -48kPa before “breakthrough" 
was recorded. When cured in sealed conditions it was close to four hours 
after placing before negative pore pressure began to develop in this mix.
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5.7.8 Results and discussions for the measurement of shrinkage strain 
development in concrete exposed to wind
Figures 5.27 and 5.28 show the average development of shrinkage strain 
over 24 hours of four samples of the various mixes exposed to a wind of 
approximately 4 m/s.
5.7.9 Control mixes
It can be seen in Figures 5.27 and 5.28 that both of the control mixes tested 
exposed to wind developed similar shrinkage strains to each other and these 
were developed over the same time scale. Both control mixes showed signs 
of shrinkage strain development after only half an hour of exposure to wind 
and both developed shrinkage strains of over 1200 microstrain. When the 
same materials were tested in sealed conditions neither of the control mixes 
showed any signs of shrinkage strain.
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Figure 5.27 Earlv age shrinkage strain development in mixes made using the 
original materials.
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Figure 5.28. Early age shrinkage strain development in mixes made using the
new batch of materials
5.7.10 HSC 1.5% S10
From Figure 5.27 it can be seen that it took about 1 hour for HSC 1.5% 810 
to settle and begin to develop shrinkage strains. When tested in the 
restrained rings this mix developed plastic shrinkage cracks after 1 hour from 
placing. When tested in sealed conditions it took 6.5 hours for this material to 
settle and begin to develop shrinkage strains. This means that the dormant 
period, during which no shrinkage strains were measured when this material 
was tested in sealed conditions, was not present when the same material 
was tested in exposed conditions. Shrinkage strains stopped developing at 
10 hours, at an ultimate shrinkage strain of 4000 microstrain, this remained 
constant for the rest of the test period. This value is 32 times greater than for 
the same material tested in sealed conditions. When this shrinkage was 
restrained during a retrained ring test plastic shrinkage cracking developed 
one hour after placing. This material developed strength very slowly and this 
could therefore explain why it showed signs of plastic shrinkage cracking
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when exposed to wind in the restrained ring apparatus i.e. there was not 
enough tensile strength in the material to resist cracking.
5.7.11 HSC 0.5% S1Q
HSC 0.5% S10, Figure 5.27, developed shrinkage strains immediately after 
placing, there was no dormant period. After only 4 hours this material had 
developed a shrinkage strain of around 5000 microstrain, this is 40 times 
greater than the same material tested in sealed conditions. HSC 1.5% S10 
did not develop shrinkage strains that were as high as those developed by 
HSC 0.5% S10, this is possibly due to the retarding effect of the high dosage 
of superplasticiser. Although this material did develop tensile strength 
relatively quickly it developed plastic shrinkage cracks when exposed to wind 
in the restrained ring tests. It could be that this tensile strength developed 
was not enough to resist the huge free shrinkage strains developed when this 
material was exposed to wind. When tested in the restrained ring this 
material developed plastic shrinkage cracks 1.5 hours after from placing.
5.7.12 HSC 1.75% SP5
Shrinkage strains began to develop in HSC 1.75% SP5 around half an hour 
after placing.
Within the first 5 hours a shrinkage strain of 5500 microstrain was developed 
and this remained constant for the rest of the 24 hour test period. When the 
same material was tested in sealed conditions a shrinkage strain of 225 
microstrain was recorded. This means that in exposed conditions the free 
shrinkage strain measured was 25 times greater than when the same mix 
was tested in sealed conditions. If this high rate of early age shrinkage strain 
development were to be restrained it may well be expected that plastic 
shrinkage cracking may develop in this material. Again although this material 
did develop tensile strength relatively quickly it also developed plastic 
shrinkage cracks when exposed to wind in the restrained ring tests. It could 
be that the tensile strength developed was not enough to resist the huge
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shrinkage strains developed when this material was exposed to wind. HSC 
1.75% SP5 developed plastic shrinkage cracks after 1 hour from placing.
5.7.13 Pfa based HSC
The pfa based HSC mix began to develop shrinkage strains around 1.5 hours 
after placing, see Figure 5.28. A shrinkage strain of around 1250 microstrain 
was recorded 3.5 hours after placing. This was an increase of 15 times the 
free shrinkage that was found when this material was tested in sealed 
conditions. The shrinkage strain was only 85 microstrain in sealed conditions. 
The behaviour of the Pfa based HSC tested under exposed conditions was 
very similar to that of the control mix. The shrinkage strain found when 
testing the Pfa based HSC in exposed conditions was, however, relatively 
low when considering the results found when testing the other high strength 
concrete, in the same conditions. This may mean that this mix could be less 
susceptible to plastic shrinkage cracking than the other high strength 
concretes tested, irrespective of tensile strength gain or strain capacity. This 
mix did not crack in the restrained ring tests.
5.7.14 Gabs based HSC
This material began to develop shrinkage strains after 1 hour. Figure 5.28. 
The shrinkage strain recorded was around 2500 microstrain after 5 hours, 
when tested in sealed conditions a shrinkage strain of 175 microstrain was 
developed. The shrinkage strain developed by the exposed ggbs based HSC 
was therefore 14 times that of the sealed ggbs based HSC. The maximum 
shrinkage strain remained constant for the rest of the 24-hour test period. 
The ggbs based HSC material may exhibit plastic shrinkage cracking if these 
free shrinkage strains were restrained. However the ggbs based HSC did 
retain a relatively high strain capacity, this means that if strain capacity 
retention is the controlling factor in reducing plastic shrinkage cracking then 
this mix may resist plastic shrinkage cracking. However when this mix was 
tested in the restrained ring apparatus plastic shrinkage cracking occurred 3 
hours after placing.
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5.7.15 Metstar501 based HSC
This material showed the greatest development of shrinkage strain in sealed 
conditions at 275 microstrain. When exposed to wind the shrinkage strain 
recorded was around 3500 microstrain after 3.5 hours, which was not the 
highest shrinkage strain development recorded in exposed conditions, but 
was 13 times greater than the same material tested in sealed conditions. 
Shrinkage strains developed immediately after placing in this material. It 
would be expected that this material would develop plastic shrinkage cracks 
if the large shrinkage strains exhibited by it were restrained. However, this 
material gained tensile strength faster than any of the other mixes tested so if 
a high rate of strength gain is the controlling factor for reducing plastic 
shrinkage cracking then this material should resist cracking. This mix did not 
crack in the restrained ring tests.
5.8 The relationship between negative pore pressure and earlv aae 
shrinkage of concrete cured in exposed conditions
There appears to be little or no correlation between negative pore pressure 
and shrinkage strain development when considering the concrete mixes 
tested in an environment exposed to wind. For all the mixes tested, exposed 
to wind, it can be seen that shrinkage strains developed before negative pore 
pressures had begun to develop. This would seem to indicate that these two 
parameters are independent of each other or that the equipment used to 
measure pore pressure was not sensitive enough to record the earliest 
negative pore pressure development.
The effect of exposing the fresh concrete to wind would appear to have little 
effect on negative pore pressure development but does have an effect on 
shrinkage strain. The effect on pore pressure development seems to be that 
negative pore pressures were registered by the probe earlier than they would 
have been in sealed conditions but the ultimate negative pore pressure 
reached in the material was largely unaffected by presence of wind. 
However, when examining the shrinkage strains developed by the concretes, 
exposed to wind, it can be seen that the shrinkage strains developed earlier,
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than in the mixes tested in sealed conditions, they also reached much higher 
values. The only explanation for this massive difference in shrinkage strains 
found when testing the same materials in different curing environments can 
be that when the material is sealed water is lost through only one 
mechanism, hydration. When the material is exposed to wind a second water 
loss mechanism is in operation, evaporation. The effect of this second 
mechanism of water loss appears to be huge and could well be the difference 
between a concrete cracking or not. However, this does not explain why only 
the mixes that contained microsilica cracked and those that did not contain 
microsilica appeared to be able to withstand these extra shrinkage strains 
without cracking. To investigate the effect of microsilica further work into the 
effect of microsilica on the plastic properties of high strength was carried out. 
There would appear to be no pattern that would suggest that the stress-strain 
relationship of the hydrating material has any significant control over whether 
a concrete mix will crack or not.
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5.9 Results and discussions showing the effects of microsilica in concrete
Having carried out tests on the plastic properties of various high strength 
concrete mixes it became apparent that the inclusion of microsilica in 
concrete had a dramatic effect on these properties. To address this, two 
batches of HSC 1.75% SP5 were mixed and tested; one with the usual 9.6% 
of cementitious material replaced with microsilica and the other with no 
microsilica included and the microsilica replaced with OPC. Four stress-strain 
curves were generated for each of the mixes and one of each were tested 
concurrently at one, three and five hours. The typical slump value recorded 
for HSC 1.75% SP5 was 75mm and 200mm for the mixes with and without 
microsilica respectively.
Earlier in this report it was stated that after four hours HSC 1.75% SP5 was 
too strong to be tested using the tensile stress-strain apparatus. This was 
true when using the original supply of sand and cement. When using the new 
sand and cement, the strength gain and strain capacity of this material had 
changed such that the full five hour period could be monitored.
5.9.1 Results and discussions for the measurement of tensile stress-strain 
curves showing the effects of microsilica in concrete
Figures 5.29 and 5.30 show a set of typical stress-strain curves for HSC 
1.75% SP5 with and without microsilica. The results are shown over two 
figures to better illustrate the early age results.
It can be seen in Figures 5.29 and 5.30 that there is a distinct difference in 
the behaviour, with regard to tensile strength gain and loss of strain capacity, 
of HSC 1.75% SP5 with and without microsilica. It can be seen in Figure 5.29 
that after three hours the behaviour of the mix that did not contain microsilica 
behaves in a very similar manner to that containing microsilica after just one 
hour. At one hour, the curve for the mix with no microsilica showed no real 
strength gain and very high strain capacity. This makes it very hard to tell if 
the strength gain exhibited in this instance can be attributed to strength gain 
due to hydration or sliding friction between the aggregate particles.
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After three hours it can be seen that the mix containing microsilica hydrates 
at a much faster rate than the mix made without microsilica.
20 
18 
16 
14 
12 
10 
a 
6 
4 
2 
0
-1000
With microsilica
Without microsilica
3 Hours
1 Hour
4000 9000 14000 19000
Strain (microstrain)
24000 29000
Figure 5.29 Comparison of HSC 1.75% SP5 with and without 9.6% of the 
cement replaced by microsilica for the first three hours. 11/4/00
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Figure 5.30. Comparison of HSC 1.75% SP5 with and without 9.6% of the 
cement replaced by microsilica for five hours. 11/4/00
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Looking at Figure 5.30 it can be seen that after 5 hours the sample with no 
microsilica has developed a tensile strength and strain capacity of around 40 
kPa and 1500 microstrain respectively. However, the sample containing 
microsilica has developed a tensile strength of around 240 kPa with a strain 
capacity of around 150 microstrain. It can be said therefore that the inclusion 
of microsilica has a definite effect on early age strength development and 
strain capacity of concrete. This is shown more clearly in Figure 5.31
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Figure 5.31 Average strain at peak stress and peak stress of HSC 1.75% 
SP5 with and without microsilica, with 95% confidence limits.
From examining the results shown in Figure 5.31 we can assume that if 
plastic shrinkage cracking is limited by early age strength gain the mix 
containing microsilica would better resist cracking than the mix with no 
microsilica. If plastic shrinkage cracking is alleviated by the retention of strain 
capacity one would expect the mix without microsilica to deform to resist 
plastic shrinkage cracking.
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5.9.2 Pore Pressure and shrinkage strain development in high strength 
concretes made with and without microsilica
Figures 5.32 and 5.33 show the effects of the inclusion of microsilica in HSC 
1.75% SP5 on pore pressure development and shrinkage of samples cured 
in sealed conditions. Figures 5.34 and 5.35 show the effects of exposing 
samples of the same mix designs to a wind of approximately 4m/s.
It can be seen from Figure 5.32 that the inclusion of microsilica in HSC 
1.75% SP5 has a dramatic effect on the time of the onset of negative pore 
pressure. When microsilica was present negative pore pressures began to 
develop after only one hour after placing, when no microsilica was present 
the onset of negative pore pressure was closer to 5 hours. However the 
inclusion of microsilica does not seem to affect the ultimate negative pore 
pressure generated, for both materials this was close to -90 kPa.
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Figure 5.32 Pore pressure development in HSC 1.75% SP5 in sealed
conditions with and without microsilica
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Figure 5.33 Shrinkage strain development in HSC 1.75% SP5 in sealed 
conditions with and without microsilica.
Figure 5.33 shows that there is a significant effect on the shrinkage 
behaviour of HSC1.75% SP5 when microsilica was included in the mix. 
When no microsilica was present it can be see that it took around 4 hours for 
the mix to settle in the shrinkage rig, this period was cut to around one hour 
when microsilica was included in the mix. Once the material had settled 
shrinkage strains developed in the mix containing microsilica but no 
shrinkage was detected in the mix that did not contain microsilica. The mix 
that did not contain microsilica behaved much like the control mix.
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Figure 5.34 Pore pressure development in HSC 1.75% SP5 in exposed
conditions with and without microsilica.
It can be seen, in Figure 5.34, that when the samples of HSC 1.75% SP5, 
with and without microsilica, were exposed to wind the onset of negative pore 
pressure for both of the mixes took place at around the same time. However, 
in sealed conditions, see figure 5.32, when microsilica was included in the 
mix onset of negative pore pressure was brought forward by about 3 hours. 
The ultimate negative pore pressure measured was unaffected by the 
presence of the wind for the mix that did not contain microsilica, however the 
mix that did contain microsilica reached a break-through pressure at a very 
early age, approximately 4 hours after placing, each time it was tested. A 
possible reason for this unreliable result is given in section 5.6.2.
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Figure 5.35 Shrinkage strain development in HSC 1.75% SP5 in exposed 
conditions with and without microsilica.
Figure 5.35 shows that the exposure of HSC 1.75% SP5, with and without 
microsilica to wind has a very large effect on the shrinkage exhibited by both 
mixes. After 5 hours there was a difference of over 3000 microstrain between 
HSC 1.75% SP5 with and without microsilica. If this difference was restrained 
this may cause cracking to take place in the mix that contained microsilica 
more readily than the OPC mix. Again when no microsilica was included in 
the mix HSC 1.75% SP5 the mix behaved in a very similar manner to the 
control mix tested under the same conditions.
5.9.3 Restrained ring results for HSC 1.75% SP5 made with and without 
microsilica
HSC 1.75% SP5 started cracking after 1 hour and continued for 4 hours after 
placing, when exposed to wind. When no microsilica was included in the mix 
no cracking was seen.
It could be said that the inclusion of microsilica in a mix that is exposed to 
wind appears to cause cracking to take place. This could be due to the effect 
microsilica has on each of the parameters measured. The largest effect
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appears to be on the stress-strain relationship and the free shrinkage strain 
development. However, the effect on negative pore pressure development 
appears minimal. There is a marked difference in the free shrinkage strain 
exhibited by HSC 1.75% SP5 including microsilica and HSC 1.75% SP5 
excluding microsilica exposed to wind.
At 5 hours the shrinkage of HSC 1.75% SP5 including microsilica exposed to 
wind is nearly 3 times greater than that of HSC 1.75% SP5 excluding 
microsilica exposed to wind. With regard to strain capacity the inclusion of 
microsilica reduced the strain capacity measured in HSC 1.75% SP5.
If retention of high strain capacity is the parameter that reduces plastic 
shrinkage cracking this could partly explain the lack of cracking exhibited by 
HSC 1.75% SP5, excluding microsilica. Also, the free shrinkage of HSC 
1.75% SP5 is less, which means that the material does not need to deform 
as much to accommodate the free shrinkage strains generated. Yet HSC 
1.75% SP5 has greater scope to contract without damaging the fragile early 
age framework of hydrates due to the high strain capacity of the material.
To test whether or not microsilica had the same effects on other concrete mix 
designs it was decided to carry out the same tests as those that were carried 
out on HSC 1.75% SP5, with and without microsilica, on the ggbs based 
HSC. The ggbs based HSC also contained microsilica and also cracked in 
the restrained ring tests.
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5.10 The effect of microsilica on the ggbs based HSC
To assess what effect the inclusion of microsilica had on the ggbs based 
HSC the same procedure as that for HSC 1.75% SP5 with and without 
microsilica was carried out on the ggbs based HSC.
5.10.1 The effect of microsilica on the stress-strain relationship of the ggbs 
based HSC
For the ggbs based HSC made without microsilica the microsilica was 
replaced with OPC. The typical slump for the ggbs based HSC made with 
microsilica was 50mm but the typical slump for the mix made without 
microsilica was much higher at around 125mm. The rheological behaviour of 
the ggbs based HSC made with and without microsilica was very different to 
that made with microsilica in other ways too; it acted in a more thixotropic 
manner and was much more cohesive than when microsilica was included.
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Figure 5.36 A tvpical set of tensile stress-strain curves for ggbs mix with and 
without microsilica.
Figure 5.36 shows that, like HSC 1.75% SP5, the exclusion of microsilica 
from the ggbs mix had a marked effect on the ggbs based HSC with regard
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to stress-strain relationship. After 3 hours it can be seen that the ggbs based 
HSC with no microsilica gained strength at a much slower rate than the ggbs 
based HSC including microsilica. The mix made without microsilica retained 
a higher strain capacity than the mix made with microsilica. After 5 hours the 
difference in strength between the ggbs based HSC made with and without 
microsilica became even more exaggerated with the ggbs mix including 
microsilica reaching a strength of more than twice that of the ggbs mix made 
without microsilica, at 135 kPa and 65 kPa respectively. The ggbs based 
HSC made without microsilica retained a higher strain capacity than the ggbs 
mix made excluding microsilica at around 1500 microstrain, after 5 hours, 
compared to the ggbs based HSC made without microsilica, which was 
around 150 microstrain at the same age. Figure 5.37 shows these 
differences in strain at peak stress and peak stress more clearly.
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Figure 5.37 Comparison of average peak stress and strain at peak stress for 
ggbs HSC. with and without microsilica, with 95% confidence limits
It can be seen that the average strain at peak stress for the ggbs based HSC 
made with microsilica and the average strain at peak stress for the mix made 
excluding microsilica are different. At one hour after the addition of water at 
the mixer the average strain at peak stress for the ggbs mix made without 
microsilica is much lower than for the ggbs mix made with microsilica at 5000
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and 8500 respectively. At one hour the peak stresses for both mixes are the 
same at 4 kPa. The average behaviour of both mixes at three hours appears 
different but the 95% confidence limits for both parameters, strain at peak 
stress and peak stress, overlap. The ggbs based HSC made with microsilica 
gained strength more quickly than the ggbs based HSC made without 
microsilica.
It is worth stating again that if plastic shrinkage cracking were limited by early 
age strength gain one would expect that the mix containing microsilica would 
better resist cracking than the mix with no microsilica. If plastic shrinkage 
cracking were alleviated by the retention of strain capacity one would expect 
the mix without microsilica to deform to resist plastic shrinkage cracking.
5.10.2 Pore pressure and shrinkage strain development in the ggbs based 
HSC. made with and without microsilica, in sealed conditions
Figures 5.38 and 5.39 show the effects on the pore pressure and shrinkage 
strain development in ggbs based high strength concrete made with and 
without microsilica.
It can be seen in Figure 5.38 that the exclusion of microsilica seems to 
attenuate the development of negative pore pressure by around an hour. 
However, the rate of development of negative pore pressure in both mixes, 
as depicted by the initial slope of the curve showing negative pore pressure, 
is comparable. Although the curves for the ggbs based HSC with and without 
microsilica “break-through” after 5 and 6 hours at 15 and 18 kPa 
respectively, there is nothing to suppose that there would be a difference in 
the ultimate negative pore pressure reached by both mixes.
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Figure 5.38 Pore pressure development in ggbs based HSC in sealed 
conditions with and without microsilica.
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Figure 5.39 Shrinkage strain development in ggbs based HSC in sealed 
conditions with and without microsilica.
Figure 5.39 shows the shrinkage of the ggbs based HSC made with and 
without microsilica. Other than the mix made without microsilica beginning to
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develop shrinkage strains slightly later than the mix made with microsilica 
there is no great difference in the shrinkage strain development in either mix.
5.10.3 Pore pressure and shrinkage strain development in the ggbs based 
HSC. made with and without microsilica, in exposed conditions
Figures 5.40 and 5.41 depict negative pore pressure and shrinkage strain 
development for the ggbs mix made with and without microsilica when 
exposed to wind. Again Figures 5.40 and 5.41 show that there is no great 
difference in these parameters, whether or not microsilica is included in the 
ggbs based HSC.
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Figure 5.40 Pore pressure development in ggbs based HSC in exposed 
conditions with and without microsilica.
It can be seen in Figure 5.40 that “break-through” is reached earlier in the 
mix made with microsilica compared to that made without microsilica. This is 
more likely to be a feature of the test technique rather than the material. Both 
of the materials developed a considerable negative pore pressure by 3 hours 
after placing, around -45 kPa.
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Figure 5.41 Shrinkage strain (development in ggbs based HSC in exposed 
conditions with and without microsilica.
When considering the free shrinkage strain developed in both the ggbs mix 
made with and without microsilica, Figure 5.41, it can be seen there is no 
significant difference in the results for both of the mixes tested. A shrinkage 
strain of 3000 microstrain was reached by 3 hours after placing, this is 
around 17 times greater than that for the same material tested in sealed 
conditions. This large difference in shrinkage strain could well lead to plastic 
shrinkage cracking if restrained and if the mix was either too weak or not 
plastic enough to resist cracking. Restrained ring tests were carried out to 
see whether the ggbs based HSC would crack when tested in the restrained 
ring apparatus.
5.10.4 The propensity of the ggbs based HSC made with and without 
microsilica towards plastic shrinkage cracking
The ggbs based HSC containing microsilica started cracking after 3 hours 
and continued until 6 hours after placing, but when no microsilica was 
included no cracking was seen.
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Of all the parameters measured, with regard to plastic behaviour of the ggbs 
based HSC, with and without microsilica, the only difference that could be 
seen was in the stress-strain relationship and slump. Bjontegaard 
(Bjontegaard 2000) states that the slump value of a concrete mix has a 
dominating effect on whether or not it is likely to develop plastic shrinkage 
cracking. The author of this thesis does not agree with this because the 
slump test results for the mixes that cracked in the restrained rings varied 
from 50mm, in the case of the ggbs based HSC, to 200mm, in the case of 
the HSC 1.5% S10. Therefore from this spread of slump values for the mixes 
that cracked it could be said that there is no relationship between the 
propensity of a mix towards piastic shrinkage and siump values.
The stress-strain relationship for the ggbs based HSC showed that when 
microsilica was excluded from the mix the material had a higher strain 
capacity and gained strength more slowly than when microsilica was 
included. This may suggest then that the higher strain capacity could be the 
parameter that governs whether the ggbs based HSC will crack or not. The 
free shrinkage strain exhibited by the mixes with and without microsilica was 
the same yet the mix with no microsilica and a higher strain capacity did not 
crack.
The plastic properties of HSC 1.75% SP5 with and without microsilica were 
also different with regard to free shrinkage and stress-strain relationship. The 
plastic properties of the ggbs based HSC with and without microsilica 
showed differences in plastic behaviour with regard to stress-strain 
reiationship only. This would seem to suggest that the stress-strain 
relationship would be the important parameter in overcoming plastic 
shrinkage cracking and that a slow strength development and high strain 
capacity could be the factor that governs whether or not a concrete mix 
cracks. Slow strength development may mean that the fragile
framework of hydrates in the ggbs based HSC and HSC 1.75% SP5 with no 
microsilica are able to deform. Also the framework of hydrates is still mobile 
and able to deform without cracking as only a sparse and weak skeleton of 
hydrates has formed.
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If one considers the stress-strain relationship of the other mixes that cracked 
(HSC 1.5% S10, HSC 0.5% S10, HSC 1.75% SP5 and the ggbs based HSC) 
the results ranged from a rapid strength gain and loss of strain capacity; in 
the case of HSC 0.5% S10 and HSC 1.75% SP5, to a slow strength gain and 
loss of strain capacity; in the case of HSC 1.5% S10. The ggbs HSC fell in 
the middle of the two. This group of mixes covers all of the behaviour 
patterns associated with hydrating concrete and the behaviour of the control 
mix bisects the behaviour of the mixes that cracked. It was thought that there 
would be a definite delineation between the behaviour, with regard to stress- 
strain relationship, of the mixes that cracked and those that did not and that 
the behaviour of the control mix would act as a datum as to how this 
behaviour could be categorized. This was unfortunately not the case.
The behaviour of the high strength concrete mixes that did not crack (the pfa 
based HSC and the Metastar 501 based HSC) showed no simiiarities to 
each other but both developed strength faster than the control mix. Also the 
strain capacity was either lower than, in the case of or the Metastar 501, or 
much the same, in the case of the pfa based HSC, as the control mix. It 
could be that the inclusion of microsilica in a mix exposed to wind causes 
cracking in concrete due to a parameter that is not measured in this thesis.
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5.11 Results and discussions for fibre reinforced high strength concrete
To assess the effect of fibre reinforcement on the stress-strain relationship of 
fresh concrete two types of polypropylene fibres, Fibermesh and Fibrin XT, 
were incorporated into HSC 1.75% SP5, at 0.1% by volume, and groups of 
four tensile stress-strain curves were generated for both polypropylene fibre 
types. The effect of steel fibre reinforcement, at an addition rate of 0.5% by 
volume was also measured. These addition rates reflect those used industry. 
The average strain at peak stress and peak stress for HSC 1.75% SP5 with 
and without the various types of fibre reinforcement were found by mixing 
plain and fibre reinforced concrete at the same time, these samples were 
then tested concurrently at 1,3 and 5 hours.
5.11.1 Results and discussions for the tensile stress-strain relationship of 
polvpropvlene fibre reinforced high strength concrete in sealed conditions
The inclusion of polypropylene fibres in HSC 1.75% SP5 reduced the siump 
from a typicai value of around 200mm to 150mm. Figure 5.42 shows a typical 
set of tensile stress-strain curves for HSC 1.75% SP5, including 0.1% by 
volume of Fibermesh fibres, if one compares Figure 5.42 with Figure 5.9, in 
section 5.1.4, it can be seen that the poiypropylene fibres do not appear to 
modify the stress-strain behaviour of the concrete.
158
Results and discussions
400
350
300
4 Mrs250
200
3 Mrs
50
2 Mrs
100 f
1 Hr
50
0 L- 
-1000 24000 29000190004000 9000 14000
Strain (microstrain)
Figure 5.42. A typical set of tensile stress-strain curves for HSC 1.75% SP5. 
with and without Fibermesh fibres
To illustrate the effect of Fibermesh fibres on tensile stress-strain behaviour 
the average peak stress and average strain at peak stress for HSC 1.75% 
SP5 with and without polypropylene fibre reinforcement can be seen in 
Figure 5.42. By examining Figure 5.43 it can be seen that there is very little 
difference in the peak stress and strain at peak stress for HSC 1.75% SP5 
with and without out Fibermesh reinforcement. On the basis of these results it 
would be hard to see how the inclusion of polypropylene fibres at such a low 
addition rate could assist in overcoming plastic shrinkage cracking. Therefore 
the addition of a low volume of polypropylene fibres would not appear to have 
increased the strain capacity or peak strength of the concrete.
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Figure 5.43. Comparison of average peak stress and strain at peak stress for 
HSC 1.75% SP5 plain and polvpropvlene fibres
5.11.2 Results and discussions for the tensile stress-strain relationship of 
steel fibre reinforced high strength concrete in sealed conditions
The addition of steel fibres does appear to have an effect on the stress-strain 
relationship of HSC 1.75% SP5 by endowing this brittle material with pseudo- 
ductile properties, Figure 5.44. The effects of steel fibre reinforcement were 
apparent with regard to the stress-strain curve at 5 hours. However, at 5 
hours the failure of the matrix was so rapid that no valid stress-strain values 
could be determined between matrix fracture and 14000 microstrain. An 
imagined failure mode has been drawn to illustrate how failure may have 
occurred between these two points. There was no apparent effect on the 
strain at peak stress and peak stress curves for this composite. Figure 5.45. 
Again on the basis of these results shown in Figure 5.45 it would be hard to 
see how the inclusion of steel fibres could assist in over coming plastic 
shrinkage cracking. Figure 5.44 however, shows that at after 5 hours the 
steel fibres change the stress-strain relationship considerably for HSC 1.75% 
SP5 after cracking.
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Figure 5.44. Comparison of HSC1.75% SP5 made with and without steel 
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Figure 5.45. Comparison of average strain at peak stress and peak stress for 
HSC 1.75% SP5. with and without steel fibre reinforcement
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5.11.3 Results and discussions for the tensile stress-strain relationship of 
pre-cracked fibre reinforced high strength concrete in sealed conditions
In practice plastic shrinkage cracking occurs over a period of hours within a 
relatively stiff system and there is a very slow transfer of stress to the fibres 
spanning these cracks (Hannant 1978). In order to simulate this in the 
laboratory rapid stress transfer within the composite, from the concrete to the 
fibres, must be avoided. This rapid transfer of stress, from matrix to fibre, 
created a rapid energy release at the crack surface. Rapid energy release 
was a particular problem at four and five hours where the concrete had 
stiffened and the composite began to act in a brittle fashion. Therefore for 
further experiments the fibre reinforced samples were deliberately cracked 
across the neck just before the normal loading procedure was followed at a 
given age. The rate of build up of bond, or force transfer, between the fibres 
and the framework of hydrates could then be established without the 
additional complexity the sudden release of energy caused by a matrix crack. 
To induce a crack across the neck of the sample two wedges were placed 
into the gap in the neck. These wedges were gently forced into the gap, 
using a clamp, until a crack in the concrete was seen. The deformation 
during the cracking procedure was measured and it was found that cracks 
formed at any point between 0.1 and 0.5mm deformation. This procedure 
was not carried out for samples at 1 and 2 hours old, for the reasons outlined 
below.
At hours 1 and 2 the cement matrix had not developed a framework of 
hydrates that was close enough to grip the fibres, this means that energy 
release was very low and did not compromise the results found. Stress-strain 
curves that illustrated this point can be seen in Figures 5.46 and 5.47. The 
curves begin at 5000 microstrain as at this strain value it can be assumed 
that the fibres are supporting the imposed load. After one hour the plain and 
reinforced mixes acted in almost the same way, this can be seen in Figure 
5.46. Therefore within the bounds of normal repeatability HSC 1.75% SP5 
plain and fibre are effectively the same. After two hours the effect of the 
fibres was very slight. It can be seen, in Figure 5.47, that HSC 1.75% SP5 
fibre showed a slightly higher strain capacity than HSC 1.75% SP5 plain and
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behaved in a slightly more ductile manner. This may be because the 
framework of hydrates was beginning to develop and grip the fibres.
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Figure 5.46 The effect of fibres on the stress-strain relationship of HSC 
1.75% SP5 after one hour
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Figure 5.47 The effect of fibres on the stress-strain relationship of HSC
1.75% SP5 after 2 hours
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Figure 5.48 The effect of fibres on the stress-strain relationship of HSC 
1.75% SP5 after 3 hours
By three hours the effect of the fibres was significant, as can be seen in 
Figure 5.48. Where HSC 1.75% SP5 plain had very little strain capacity, 
HSC 1.75% SP5 fibre sustained significant stresses at relatively high strains. 
This is because HSC 1.75% SP5 plain fails in a brittle manner whereas HSC 
1.75% SP5 fibre acted in a pseudo-ductile manner. This is due to the fibres 
being gripped by the maturing framework of hydrates.
After 4 hours, it was not possible to record the effects of fibres on the post­
crack performance of non cracked samples due to the brittle nature of the 
failure mode of the matrix and rapid release of energy to the fibres.
After 3 hours the pre-cracking procedure was carried out on HSC 1.75% SP5 
containing Fibrin XT, Fibermesh and Bekaert Dramix steel fibres of 0.55 mm 
diameter X 35 mm length. Once a crack was formed it could be assumed that 
any tensile loads applied were supported by the fibre reinforcement.
Four sets of pre-cracked tensile stress-strain tests were carried out for each 
fibre type tested. Figures 5.49, 5.50 and 5.51 show typical load-pull-out
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distance curves for pre-cracked HSC 1.75% SP5 reinforced with the various 
types of fibre reinforcement. Only the results for hours 3, 4 and 5 are shown. 
Figures 5.49, 5.50 and 5.51 show that once cracking had been induced the 
fibres present were able to sustain and transfer tensile loads back into the 
cement matrix. If no fibres were present the material would not be able to 
sustain any loads after cracking.
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Figure 5.49 Post cracking load against pull-out distance HSC 1.75% SP5 
including Fibermesh reinforcement
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Figure 5.50 Post cracking load against pull-out distance HSC 1.75% SP5 
including Fibrin XT reinforcement
1000
900
800
5 Hrs700
600 4 Hrs
3 Hrs400
300
200
100
0.5 20 1 1.5 2.5 3 3.5 4
Pull-out distance (mm)
Figure 5.51 Post cracking load against pull-out distance HSC 1.5% SP5 
including steel fibre reinforcement
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It can be seen, by comparing Figures 5.49, 5.50 and 5.51, that at 3 and 4 
hours the effects of the different fibre types are comparable.
By measuring the load and deformation of pre-cracked fibre reinforced 
concrete the following parameters can be found, using the equations shown 
in Appendix D:
• The development of bond strength between the fibres and the concrete 
related to pull-out distance at different ages after casting ...(Eq A).
• The fibre stress against pull-out distance at different ages after casting 
...(Eq B).
Figures 5.52, 5.53 and 5.54 show the pull-out distance against bond strength 
and fibre stress both of the polypropylene fibres and the steel fibres.
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Figure 5.52 Pull-out distance against bond strength and fibre stress for HSC 
1.75% SP5 including 0.1% Fibermesh
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Figure 5.53 Pull-out distance against bond strength and fibre stress for HSC 
1.75% SP5 including 0.1% Fibrin XT
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Figure 5.54 Pull-out distance against bond strength and fibre stress for HSC 
1.75% SP5 including 0.5 Baekart’s 0.55 x 35mm steel fibres
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Figures 5.52, 5.53 and 5.54 show the development of the bond strength and 
fibre stress over time. From Figures 5.52, 5.53 and 5.54 we can see that the 
effectiveness of the fibres, with regard to stress-strain relationships, at three, 
four and five hours can be quantified. This was not possible for the 
uncracked samples at these ages. Also, there is a considerable post cracking 
ability to carry loads across a crack present in the fibre reinforced concrete 
that does not exist in plain concrete. As the fibres pull-out, the bond strength 
and fibre stress is reduced. However, there is still a significant fibre stress at 
3mm pull-out distance at later ages.
Fibermesh fibres develop higher bond strengths than Fibrin XT fibres but the 
stresses in the fibres are similar for both polypropylene fibre types. However, 
a problem in calculating bond strength for the Fibermesh fibres is the cross- 
sectional area and fibre length to be used. Split films have a variable width 
and length from fibre to fibre, for this reason an estimate was made from a 
sample of fibres after mixing. These fibre details can be seen in Appendix E. 
This problem does not affect the fibre stress (of), which is dependent only on 
fibre volume (Vf).
At a constant fibre volume, fibre stress is the important comparative 
parameter for limiting crack width as the more stress that is transferred to the 
fibre the more stress that is transferred back into the cement matrix. Thus, it 
could be predicted that Fibrin XT fibres would provide a
greater resistance to plastic shrinkage cracking than the Fibermesh fibres 
after five hours, but at three and four hours there is little difference between 
the two types of fibre. Also the current data is too limited, at only 4 sets of 
results, to make a meaningful prediction regarding comparative performance 
in reducing plastic shrinkage cracking. Plastic shrinkage cracking has been 
observed to begin within the first two hours after the placing of concrete, the 
effect of fibres in reducing initial plastic shrinkage cracking may therefore be 
insignificant. However, as the framework of hydrates develops the fibres are 
gripped and the stresses are dissipated back into the cement matrix. This 
mechanism may arrest the development of plastic shrinkage cracking as 
shown when fibre reinforced concrete is used in practice.
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The results shown in Figure 5.54 for the steel fibres are comparable to those 
in Figure 5.53, for the Fibermesh fibres, with regard to the fibre stress 
imposed at 0.5mm pullout after 5 hours. The similarity ends there as the steel 
fibres carry this load over the full 3mm test range whereas fibre stress in the 
polypropylene fibres fades readily. The reason the steel fibres are able to 
support more fibre stress is that there is a greater addition rate of steel fibres, 
0.5% rather than 0.1% for the polypropylene fibres. Although due to the 
nature of the fibres there is a smaller number of steel fibres present in the 
samples than polypropylene fibres as the steel fibres have a larger cross- 
sectional area than the polypropylene fibres. The steel fibres have a hooked 
end which is a able to bite into the cement matrix;this provides a mechanical 
bond between the fibres and matrix that is not present in the polypropylene 
fibre reinforced samples.
At earlier ages, hours 3 and 4, however the steel fibres provided a smaller 
fibre stress than either the Fibrin XT or Fibremesh reinforced samples, but 
still exhibited a higher bond strength. Steel fibres are not used in industry to 
overcome plastic shrinkage cracking. They are used to increase the ductility 
of large concrete floor slabs and improve the resistance of such slabs to 
cracking under loading when is use. For this reason no further tests were 
conducted on concrete reinforced with steel fibres.
However, the effectiveness of the polypropylene fibres in limiting plastic 
shrinkage crack widths was examined in the restrained ring apparatus.
5.11.4 The effect of Fibermesh reinforcement on negative pore pressure 
development and free shrinkage
To fully understand the mechanisms at work within the fibre reinforced 
concrete it was felt necessary to measure negative pore pressure and free 
shrinkage strain development within the material.
To assess if the inclusion of Fibermesh fibres had any effect on these 
parameters the development of negative pore pressure and shrinkage strain 
for plain HSCI.75% SP5 concrete and fibre reinforced HSC 1.75% SP5 
concrete were compared. Figures 5.55 and 5.56 show the results of these 
comparisons.
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Figure 5.55. Pore pressure development in fibre reinforced and plain 
concrete
Figure 5.55 shows that there is an insignificant difference in the development 
of negative pore pressure between the plain concrete and the fibre reinforced 
concrete. The difference seen was probably due to the environment 
immediately around the tip of the probe used to measure the development of 
these pressures rather than the material itself. In the commercial literature for 
Fibrin XT it is said that inclusion of fibre reinforcement could lead to a higher 
rate of air entrainment, which will have a direct influence on the direct 
measurement of negative pore pressure and easily explain the slight 
difference in results shown in Figure 5.55.
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Figure 5.56. Shrinkage strain development in fibre reinforced and plain 
concrete
Figure 5.56 shows there was no effect on the free shrinkage strain 
development over time when Fibermesh fibres were included at low volume 
in mix HSC 1.75% SP5. By examining Figure 5.56 it can be seen that the low 
volume of fibre, 0.1% by volume of concrete, included in HSCI.75% SP5 is 
too small to modify the contraction of the cement matrix by exerting any 
internal restraint to plastic shrinkage strains.
5.11.5 Restrained ring test results for fibre reinforced concrete
Restrained ring test results cannot be discussed without mentioning the high 
variability of the results found. This point has been raised earlier in this thesis 
and must be borne in mind when considering results found using this test 
technique. Pawling (Pawling 2000), under the supervision of the author of 
this thesis, carried out a series of eight restrained ring tests on HSC 1.75% 
SP5 reinforced with Fibrin XT and Fibermesh fibres. With each fibre 
reinforced ring that was tested a plain ring of HSC 1.75% SP5 was tested as
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a control. The cracked area of the control and fibre reinforced HSC 1.75% 
SP5 were measured and compared.
Pawling found that Fibrin XT fibres, at an addition rate of 0.1%, reduced the 
cracked area by 79% and the Fibermesh fibres, at the same addition rate, 
reduced the plastic shrinkage cracking by only 42%.
The only explanation for this reduction in cracked area can be that the fibre 
reinforcement is able to arrest cracking once it has started. This can only be 
due the presence of the fibre reinforcement in the material once initial 
cracking has taken place. The results in section 5.11.3 show that the 
inclusion of polypropylene fibre reinforcement does not modify the hydration 
or un-cracked behaviour of the composite material and the fibres only have 
an effect once cracking has taken place by transferring tensile loads back 
into the cement matrix.
The reason why Fibrin XT proved to be more effective than Fibremesh fibres 
at reducing the appearance of plastic shrinkage cracking is not obvious. 
However, according to Pawling in any section through the restrained ring 
sample there were approximately 7.3 times more Fibrin XT fibrils than 
Fibermesh. There are 1.96 Fibrin XT fibrils per mm^ compared to 0.27 
Fibremesh fibrils per mm .^
Fibres reduce plastic shrinkage cracking by bridging cracks when they form 
and arresting the propagation of cracks rather than suppressing their onset. 
Therefore, the apparent greater effectiveness of Fibrin XT fibres, over 
Fibermesh fibres, could be due to the fact that the Fibrin XT fibres are simply 
more likely to be present at the point at which a crack may form. This is in 
agreement with the generally accepted view of fibre reinforced materials, this 
is that the closer the fibre spacing the better the composite.
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5.12 General discussion
This chapter has described in detail the measurement of various parameters 
associated with plastic shrinkage cracking in high strength concrete. This 
section contains an overview of the important points, which have emerged 
from the experimental work.
Unfortunately none of the parameters measured appeared to have a 
definitive effect or seemed to present itself as the sole driving force behind 
the development of plastic shrinkage cracking. However the presence of 
microsilica in concrete exposed to wind would appear to indicate the mix 
would be susceptible to plastic shrinkage cracking. In ail the mixes that 
developed plastic shrinkage cracking, when exposed to wind, microsilica was 
present and these mixes did not crack when microsilica was excluded.
The aspects of plastic behaviour measured for the mixes that cracked in 
restrained ring tests, exposed to wind, showed no commonality. Some 
attained strength slowly whereas others gained strength very quickly. Some 
retained a relatively high strain capacity whereas others lost strain capacity 
very quickly. Not all the mixes that cracked developed high negative pore 
pressures, when compared to the control mix, some even developed very low 
negative pore pressures. Even the free shrinkage strains developed within 
the concrete mixes that cracked, although higher than the control mix, were 
no higher than those that did not crack, when tested in sealed conditions.
As with the mixes that cracked there is no commonality among the mixes that 
did not crack. Again some attained strength slowly whereas others gained 
strength very quickly while some retained a relatively high strain capacity and 
others lost strain capacity very quickly. The mixes that did not crack 
developed negative pore pressures that were as high as those seen in the 
mixes that did crack.
In exposed conditions all the mixes that cracked exhibitedrhigher free 
shrinkage strains than those that did not. This would support the accepted 
theory that restraining free shrinkage causes plastic shrinkage cracking 
(Pigeon et al 2000). It may be said then that when the free shrinkage strain of 
a concrete mix, cured in exposed conditions, exceeds a certain strain value 
this could signal that the mix is likely to crack when these free shrinkage
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strains are restrained. However, when the ggbs based HSC is considered it 
can be seen that when made without microsilica it behaved in the same way 
with regard to free shrinkage in exposed conditions as when the same mix 
was made with microsilica, yet only the latter cracked.
It may be that the reasons for plastic shrinkage cracking vary from mix to mix 
and a prediction of whether a mix will crack or not cannot be made with any 
degree of confidence using results gained from the tests techniques 
developed during the course of this research. It could be however, that if a 
greater number of tests were carried out, on a wider range of mixes, some 
area of commonality could be found that might isolate one or two factors that 
could be considered the parameters that dictate whether a mix will crack or 
not.
From the results of the tests carried out during the course of this research the 
only prediction that can be made with any confidence, with regard to the 
occurrence of plastic shrinkage cracking, is that if microsiiica is present in a 
mix and the material is poorly cured the mix is likely to exhibit plastic 
shrinkage cracking.
Good early age curing is known to be essential with regard to ensuring the 
long-term durability of any concrete structure (Pigeon et al 2000) as even the 
presence of micro-cracks can allow the ingress of chloride ions. From the 
research carried out here it can be said that adequate early age curing could 
be the most crucial requirement for the long term durability of a structure 
made using high strength concrete. Rawiing (Pawling 2000) found a 
reduction in plastic shrinkage cracking of 67% when HSC 1.75% SP5 was 
cured in sealed conditions for two hours before being exposed to wind 
compared with when the same material was exposed to wind immediately. It 
was also seen that the mixes that cracked, when exposed to wind, did not 
crack on the macro-scale when they were cured in sealed conditions. What 
happened within these mixes, or any of the other mixes tested, on the micro­
scale (that is cracking that is invisible to the naked eye) is unknown. This is 
because it is very difficult to measure and quantify cracking at this scale and 
the laboratory at the University of Surrey had no equipment suitable for such 
measurements.
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However, subsidiary tests had shown that the maximum temperature rises were 
32°C after six hours from placing. These were outside the time frame In which 
plastic shrinkage cracking took place and should therefore not affect this 
process.
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The inclusion of polypropylene fibres in conjunction with good early age 
curing would seem to be the best way to overcome the effects of plastic 
shrinkage cracking. The inclusion of fibre reinforcement arrests
cracks before they are able to propagate. This is due to the proven ability of 
fibres to bridge any cracks that may form at early ages and then transfer 
tensile stresses back into the cement matrix. If however any cracks form, 
even on the micro-scale, these can reduce the durability of the concrete 
member, especially if the member will be in service in exposed conditions. 
However plastic shrinkage cracking will rarely compromise the structural 
capacity of the member (Pigeon et al 2000).
There would appear to be no correlation between the development of 
negative pore pressure and the development of free shrinkage strain. It 
would appear, from the results found during this research project, that 
negative pore pressure development is not the driving force behind plastic 
shrinkage, but merely a function of water loss. This is because the onset of 
negative pore pressure did not correlate with the onset of free shrinkage 
strain development. If negative pore pressure development is a function of 
water loss negative pore pressure will develop due to hydration and this will 
be increased when evaporation takes place, as there are two mechanisms of 
water loss at work. This increase manifests itself in the development of 
negative pore pressures at an earlier age than in sealed conditions. The 
increased effect on free shrinkage strain development when the two 
mechanisms of water loss are at work would appear to be that free shrinkage 
can be between 3 to 40 times greater than when hydration alone takes place 
in high strength concrete. Aitcin (Aïtcin et al 1994) proposed the triangle of 
hydration that inextricably linked strength gain, heat development and 
shrinkage and stated that one of these parameters cannot take piace without 
the other. I would concur with the view put forward by Aïtcin, but I would add 
negative pore pressure development to this list of effects to form a rectangle 
of hydration. It is therefore proposed here that the effects of water loss due to 
hydration are negative pore pressure, free shrinkage strain, strength and 
heat development7*These occur in parallel to each other and although driven 
by the same mechanisms are unconnected and become exaggerated when 
evaporation is able to take place during the early stages of hydration.
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Chapter 6.0 
Conclusions
The objective of this research was to measure the parameters that are 
associated with plastic shrinkage cracking in high strength concrete. These 
parameters were early age stress-strain relationship, negative pore pressure 
and free shrinkage strain development. It was hoped that the research would 
identify which of these parameters was the controlling factor with regard to 
driving or resisting plastic shrinkage cracking. Also the effects of various 
admixtures on the plastic properties of high strength concrete were 
investigated, with a view to identifying the effects of changing mix proportions 
and materials.
This chapter includes specific conclusions for each of the test techniques 
carried out and gives an opinion on their combined effects on plastic 
shrinkage cracking.
6.1 Tensile stress-strain curves
Eight high strength concrete mixes were tested to obtain tensile stress-strain 
curves at ages from 1-5 hours after mixing and were compared to a control 
mix, of “normal strength”. The technique provided a quantitative indication of 
the differences in rates of stiffening for the mixes tested. The maximum 
tensile strengths at 5 hours varied from over 357 kPa, which is the maximum 
stress that the test apparatus could measure, in the case of three of the 
mixes (HSC 1.75% SP5, HSC 0.5% SID and the Metastar 501 based HSC), 
to less than 45 kPa (in the case of HSC 1.5% S10). Strain at peak stress 
showed a rapid decrease with time, typically being in excess of 6000 
microstrain at 1 hour, for most of the mixes tested, and this decreased to 
about 150 microstrain at 4 and 5 hours as the mixes tended towards brittle 
solids with little tolerance to imposed tensile strains.
Typically plastic shrinkage cracking occurred at the age of 2 hours, but the 
magnitude of strain at peak stress for the mixes that cracked did not correlate 
with their sensitivity to cracking.
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Polypropylene and steel fibres were shown to be able to offer resistance to 
crack opening at early ages. The bond between the polypropylene fibres and 
the cement matrix was sufficiently developed at 4 and 5 hours to enable 
tensile stresses of around 30 MPa and 60 MPa respectively to be sustained. 
At 5 hours this was equivalent to a composite stress of about 30 kPa.
6.2 Negative pore pressure
Negative pore pressures of about 80 kPa were developed in most of the 
mixes that were tested in sealed conditions. This was irrespective of whether 
they contained microsiiica or not, but the rate at which this ultimate negative 
pore pressure was reached varied from 5 hours, in the case of the high 
strength concretes, to 24 hours, in the case of the control mix. The time at 
which the ultimate negative pore pressure was reached was dependent on 
the amount, and retarding effect, of the superplasticiser used, the most 
heavily retarded mix being HSC 1.5% 810 which achieved a negative pore 
pressure of only 16 kPa after 24 hours. The repeatability of the negative pore 
pressure test results was not good, due to the presence of "break through" 
pressures. The occurrence of the “break through" pressure was attributed to 
the micro-environment around the tip of the probe and the proximity of 
entrapped air bubbles to the tip of the probe.
6.3 Early age shrinkage
All of the high strength mixes showed autogenous shrinkage in sealed 
conditions of between 80 microstrain and 300 microstrain within the first 10 
hours. Whereas the control mix, which developed a similar ultimate negative 
pore pressure to the high strength concretes, exhibited effectively zero 
shrinkage.
In drying conditions shrinkages of up to 5000 microstrain at 5 hours in the 
mixes containing microsiiica were observed and if these strains were 
restrained this could be a major factor in causing plastic shrinkage cracking.
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6.4 Restrained ring tests
In the restrained ring tests, exposed to wind, wide cracks of up to 0.5mm 
could be induced within the first five hours in the mixes that contained 
microsiiica. The mixes that did not contain microsiiica but developed similar 
shrinkages to those that did contain microsiiica did not crack. Also the control 
mixes did not crack.
Polypropylene fibres substantially reduced crack width due to their ability to 
carry loads across the cracked surfaces.
6.5 Conclusions on the factors affecting plastic shrinkage cracking
#
#
None of the parameters measured appeared to be the soie driving force 
behind the development of plastic shrinkage cracking.
The free shrinkage strains developed within the concrete mixes that 
cracked were no higher than those that did not crack, when tested in 
sealed conditions.
All the mixes that cracked exhibited higher free shrinkage strains, in 
exposed conditions, than those that did not crack. Therefore restraint to 
these free shrinkage strains is likely to be the cause of plastic shrinkage 
cracking.
There would appear to be no correlation between the development of 
negative pore pressure and the development of free shrinkage strain. It 
would appear that negative pore pressure development is mainly a 
function of water loss, whereas shrinkage depends not only on water loss 
but also depends on the stiffness and other characteristics of the complex 
material.
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• Negative pore pressure will develop due to hydration and this 
development is affected when simultaneous evaporation is able to take 
place. This is because there are two mechanisms of water loss at work, 
hydration and evaporation. This increase in the rate of moisture loss 
manifests itself in the development of negative pore pressures at an 
earlier age than in sealed conditions.
• When the two mechanisms of water loss, hydration and evaporation, are 
at work it would appear that free shrinkage can be 3 to 40 times greater, 
depending on the mix design, than when only hydration takes place.
• The plastic behaviour measured for the mixes that cracked, in exposed 
restrained ring tests, showed no commonality and there was no 
commonaiity in the plastic behaviour measured among the mixes that did 
not crack.
• The surface condition and the environment in which concrete is cured are 
of great importance when placing high strength concrete. Therefore, 
curing provisions should be considered at the design stage of a project. 
Adequate early age curing could be the most crucial requirement for the 
long term durability of a structure made using high strength concrete.
• The inclusion of polypropylene fibres, in conjunction with good early age 
curing, would seem to be the best way to overcome the effects of plastic 
shrinkage cracking.
• The benefit of fibre reinforcement is to arrest cracks immediately after 
initiation, but before they are able to propagate. This is due to the ability 
of fibres to bridge cracks and transfer tensile stresses back into the 
cement matrix.
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It appears that plastic shrinkage cracking depends on the interaction of a 
variety of complex factors which vary from mix to mix and which are all 
varying with time. A prediction of whether or not a mix wiil crack cannot 
currently be made with any degree of confidence using results gained 
from the test techniques developed during the course of this research.
From the results of the tests carried out during the course of this research 
the only prediction that can be made with any confidence, with regard the 
occurrence of plastic shrinkage cracking, is that if microsiiica is present in 
a mix and the material is not cured properly, the mix is likely to exhibit 
plastic shrinkage cracking.
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Chapter 7.0
Limitations of this study and recommendations for future work
At the outset of this research it was decided to measure the parameters 
associated with the plastic behaviour of the various high strength concretes in 
sealed conditions as this would replicate good site practice and therefore be 
most relevant to the concrete industry. It was found that when cured in a 
sympathetic way, i.e. in sealed conditions, the various high strength concretes 
tested were not susceptible to plastic shrinkage cracking. Plastic shrinkage 
cracking only took place when testing was carried out in restrained ring 
apparatus in conditions of accelerated water loss, caused by wind. For this 
reason I would recommend that any future work to measure the stressstrain 
relationship of high strength concretes be carried out in an aggressive climate.
To understand the mechanisms that cause plastic shrinkage cracking it may be 
necessary to measure early age creep in the specimens under test in 
conjunction with the parameters measured during this study. Creep may be the 
parameter associated with early age hydration that, according to Pigeon et al 
(Pigeon et al 2000), links the stress-strain relationship and free shrinkage strain 
of hydrating concrete. This is because creep is a corrponent of both the stress- 
strain relationship and free shrinkage strain. The apparatus used in this study 
was not able to measure creep but it may be possible to adapt it to do so.
Also a more reliable method should be developed for measuring negative pore 
pressure development. Ideally this would be a system that is less susceptible to 
the micro-environment around the measuring device. Also reducing the distance 
between the tip of the probe and the transducer may increase the repeatabiiity 
found using the test technique herein. Having established, in this study, that 
there is a discontinuity of negative pore pressures in concrete it may be possible 
that future tests, using the same apparatus as used in this study, could be 
carried out in mortar of the same proportions as the mortar phase of the
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concrete mix design under test. This is because it is in the mortar phase that 
negative pore pressures develop.
Measuring the cracks that developed in the restrained ring tests using a 
magnifying glass and a crack microscope proved an effective method for 
monitoring the development of plastic shrinkage cracking on the macroscale. 
However this technique is not effective when monitoring cracking on the micre 
scale. Any future studies into plastic shrinkage cracking that make use of 
restrained ring tests should make provision for the production of polished thin 
sections from the specimens. This would be an acceptable method of assessing 
the level of micro-cracking that takes place within a specimen.
It may have enhanced the study if a greater number of tests, on the materials 
tested herein, had been carried out. Also it may have been more enlightening if 
more concrete mix designs had been tested, in different curing environments, as 
this may have lead to more conclusive results.
If I were to begin this research project with the knowledge I have now I would 
test a given mix design for its susceptibility towards plastic shrinkage cracking 
before measuring the parameters that may cause cracking. This wouid help to 
focus future work on problem mixes rather than accruing data about mixes that 
do not crack.
Also, I would like to make use of magnetic resonance imaging (MRI) technology 
to additionally monitor the behaviour of the mix water within a cement paste, i.e. 
mobile or bound in. This information, when taken in conjunction with the 
parameters measured herein, may reveal what is happening to the mix water 
within a mix that cracks as opposed to one that does not. Although MRI tests 
cannot be carried out on pastes in exposed conditions it may be possible to 
expose materials for pre-defined time periods prior to testing in the MRI 
apparatus. Thus the effects of premature drying on hydrating pastes could be 
examined.
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APPENDIX A
Typical high strength concrete mix designs
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Price W.F. Brite EuRam Project 5480 Report on Study Tour to N. America.
Tavwood Engineering 1994.
Region Of Origin
Material
(kg/m^)
Austin Stoneway Cornell Hibernia Inter f  PL 
Dallas
Coarse Agg. 1060 1070 950 1750-1800 1050
Sand 580 623 770 (Total) 680
Water (W) 170 131 143 140 166
Cement (C) 467 534 445 420-450 360
Fly Ash 117 5 48 - 150
Silica - - 71 35-40 -
Retarder 0.001 0.003 0.003 - 0.002
HRWR agent 0.013 0.015 0.009 0.01 0.006
F/C Agg Ratio 0.55 0.58 0.81 - 0.65
Agg /Paste* 
Ratio
2.18 2.53 2.43 2.90 2.56
Slump (mm) 20 23 20 - 25
Strength
(MPa)
7 Day
28 Day
74
90
83
107 80 69
64
79
* Paste includes Water W, Cement and SCMs.
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Smeplass S. Brite EuRam Project 5480 Applicability of the Binaham Model 
to High Strength Concrete 1994. SINTEF Structures and Concrete.
Mix Identifier ( As per the Original Report).
Material
(kg/m^)
ND65M ND95M ND115 ND95P1 ND95P2
Coarse 8- 
16mm
1040 1040 1040 1010 980
Sand 0-4mm 851 851 851 826 802
Water (W) 170 147 127 158 168
Cement (C) 323 388 448 416 444
Anti Air Ent. 0.4 0.4 0.4 0.4 0.4
Microsilica 17 20 24 23 23
HRWR agent 4.0 6.4 10.0 5.0 4.0
F/C Agg Ratio 0.82 0.82 0.82 0.82 0.82
Agg /Paste* 
Ratio
3.68 3.37 3.10 3.05 2.79
W/(C+SCMs) 
Ratio Quoted
0.50 0.36 0.27 0.36 0.36
Slump (mm) 190 190 210 205 210
Flow (mm) 515 550 470 555 555
Air (%) 1.2 1.4 1.8 1.5 1.7
Strength
(MPa)
28 Day
68.8 97.1 115.8 94.4 92.8
* Paste includes Water W, Cement, SCMs, Superplasticlzer and Anti Air 
Entrainer.
Page 1 of 2.
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Mix Identifier ( As per the Original Report).
Material
(kg/m^)
ND115P
1
ND115P
2
ND95S ND115S ND95PS ND115P
S
Coarse 8- 
16mm
1110 980 1040 1040 1010 1010
Sand 0-4mm 826 802 851 851 826 826
Water (14/) 136 145 146 126 156 135
Cement (C) 478 511 365 419 391 449
Anti Air Ent. 0.4 0.4 0.4 0.4 0.4 0.4
Microsilica 25 27 41 47 43 50
HRWR agent 10 8.0 6.0 10.0 6.4 10.0
F/C Agg Ratio 0.74 0.82 0.82 0.82 0.82 0.82
Agg /Paste* 
Ratio
2.98 2.58 3.51 3.14 3.08 2.85
W7(C+SCMs) 
Ratio Quoted
0.27 0.27 0.36 0.27 0.36 0.27
Slump (mm) 220 220 210 205 210 200
Flow (mm) 490 520 570 440 620 515
Air (%) 1.6 1.1 1.4 1.9 1.4 1.6
Strength
(MPa)
28 Day
110.0 110.1 103.5 119.0 102.0 120.8
* Paste includes Water W ,  Cement, SCMs, Superplasticlzer and Anti Air Entrainer.
Page 2 of 2
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Danish Concrete Association. 
International Conference 1994 
Proceedings Volume 1. Concrete 
Across Borders.
Material
(kg/m^)
Mix
A
Mix
B
Coarse 16-32mm 630 630
Coarse 8-16mm 448 448
Fine 0-8mm 431 431
Fine 0-2mm 294 287
Water (14/) 131 133
Cement (C) 328 335
PFA. 40 40
Microsilica Slurry 20 20
Superplasticlzer 8.8 8.8
Plasticizer 1.0 1.0
Anti Air Ent. 1.7 1.7
F/C Agg Ratio 0.67 0.67
Agg /Paste* Ratio 3.40 3.33
l4//(C+SCMs) Ratio 
Quoted
0.34 0.34
Air (%) Assumed 6.0 6.0
* Paste includes Water W,
Cement, SCMs, Superplasticlzer, 
Plastercizer and Anti Air Entrainer.
No Information with regard to 
workability was provided. Both 
mixes should attain strengths in 
excess of 80 M Pa in 28 days.
NB. These are the mixes that were 
used in the construction of the 
troubled West Bridge Storeæbeit, 
Denmark. Mix A was used in the 
Pier Shafts, Deck Slabs and 
Girders. Mix B was used in the 
remainder of the structure.
Appendices
Biontegaard. 0. Brite EuRam 
Proiect 5480 Cracking Tendency of 
Fresh High Strength Concrete 
1994. SINTEF Structures and 
Concrete.
Material
(kg/m^)
Mix
Coarse 11-16mm 396
Coarse 8-11mm 396
Sand 0-8mm 983
Water (14/) 165.3
Cement (C) 448.6
Microsilica Slurry 22.4
Superplasticlzer To Suit
Plasticizer 3.1
( 0.7% of C)
F/C Agg Ratio 1.24
Agg /Paste* Ratio 2.78
Air (%) 6.0
* Paste includes Water W, 
Cement, SCMs and Plastercizer.
No Information is given about this 
mix with regard to strength or the 
actual W/C ratio.
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Pioneer Concrete (London) Ltd. 
Table 2 : Mix Design for C80 
Concrete. 1997.
Material
(kg/m^)
Mix
Coarse 20mm 865
CoarselOmm 375
Sand at 7% M/C 525
Water (W) 155
Cement (C) 540
Superplasticlzer 10
F/C Agg Ratio 0.42
Agg /Paste* Ratio 2.50
* Paste includes Water W, 
Cement, and Superplastercizer.
This mix design does not not 
contain a SCM therefore it would 
be highly unlikely that it would 
attain very high strengths. It does, 
however seem to to have a low 
W/C ratio so moderately high 
strength would be possible.
No Water / Cement Ratio quoted.
W F Price and J P Hvnes.In-situ 
strength testing of high strength 
concrete 1996. Magazine of 
Concrete Research. 48. No 176 
Sept.
Mix Ref. 
(kg/m^)
A
Granite
B
Gravel
Cement 460 460
Microsilica Slurry 80 80
20mm Agg 890 890
10mm Agg 395 395
Granite Fines 555 “
Siliceous Sand - 555
Superplasticlzer {\/trf) 11 11
Plasticizer (l/m' )^ 1.5 1.5
Free Water / Binder 
Ratio Quoted
0.33 0.33
Slump (mm) 180 130
Strength (Mpa) 
7 Days 
28 Days
78.5
101.5
71.5
91.0
As no quantity for water is given no 
Aggregate to paste ratio is given.
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Burg R.G. etal. Engineering Properties of Commercially Available High 
Strength Concretes. Research Bulletin RD104T. Portland Cement 
Association.
Mix Idenifier ( As per the Original Report).
Material 1 2 3 4 5 6
Coarse <25mm 
(kg/m®) ■ ■
1121
Coarse <12mm 
(kg/m®)
1068 1068 1068 1068 1068
Sand (kg/m®) 647 659 676 593 593 742
Water {W} (kg/m®) 158 160 155 144 151 141
Cement (C) (kg/m®) 564 475 487 564 475 327
PFA. (kg/m®) - 59 - - 104 87
Microsilica (kg/m®) - 24 47 89 74 27
Superplasticlzer
(Litres)
8.87 8.87 8.85 15.38 12.57 4.82
Plasticizer
(Litres/m®)
2.48
Retarder (Litres/m®) 0.86 0.80 0.74 1.12 1.15 -
F/C Agg Ratio 0.61 0.62 0.63 0.55 0.55 0.66
Agg /Paste* Ratio 2.34 2.37 2.49 2.04 2.03 3.15
W7(C+SCMs) Ratio 
Quoted
0.281 0.287 0.291 0.220 0.231 0.320
* Paste includes Water W, Cement, SCMs, Superplasticlzer and 
Plastercizer.
For the mixes in this table the SG. of Superplasticlzer and plasticizer was 
taken to be 1.2 so when quantities are quoted in litres the following 
conversion is applied;
Litres/m^ x 1.2 = kg/m^
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Neville A.M. Properties of Concrete Fouth Edition. Longman. 1995.
Region
Material USA Canada Canada USA Canada
Coarse (kg/m®) 1069 1100 1130 1080 1100
Sand (kg/m®) 623 700 745 685 730
Water {W) (kg/m®) 139 143 150 139 136
Cement (C) (kg/m®) 534 500 315 513 163
GGBS (g/m®) - - 137 - 325
PFA. (kg/m®) 59 - - - -
Microsilica (kg/m®) 40 30 36 43 54
F/C Agg Ratio 0.58 0.64 0.66 0.63 0.66
Agg /Paste* Ratio 2.19 2.68 2.94 2.54 2.70
W/C Ratio Quoted 0.22 0.27 0.31 0.25 0.25
Slump (mm) 255 - - - 200
Strength (Mpa) 
7 Days 67 91 72
28 Days - 93 83 119 114
56 Days 124 - - -
* Paste includes Water W, Cement, and SCMs.
Page 1 of 2
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Region
Material Canada Morroco France Canada
Coarse (kg/m®) 1110 1045 1118 1080 -
Sand (kg/m®) 800 715 736 780 -
Water (14/) (kg/m®) 138 175 143 138 -
Cement (C) (kg/m®) 228 425 450 }460 -
Microsilica (kg/m®) 46 40 45 -
GGBS (g/m®) 182 - - - -
PFA. (kg/m®) - - - - -
F/C Agg Ratio 0.72 0.68 0.66 0.72 -
Agg /Paste* Ratio 3.22 2.75 2.91 3.11 -
W/C Ratio Quoted 0.30 0.38 0.29 0.30 -
Slump (mm) 220 230 230 110 -
Strength (Mpa) 
7 Days 62 68
28 Days 106 95 111 83 -
* Paste includes Water W, Cement, and SCMs.
No information with regard to quantités of Superplasticizer to be added. 
Trials to attain the slump value given would yield this information.
Page 2 of 2
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APPENDIX B
Details of the mixes used for approximately 40kg of concrete
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Calculating free/water binder ratios
An example of the calculation of free w/b ratio for a specific mix is given below 
for mix HSC 0.5% S10.
Total water = Water added (2.2kg) + water from microsilica slurry (0.8kg) + 
moisture contained in aggregates (0kg). (Note that water quantities shown in 
tables are water added to oven dry aggregates 24 hours prior to mixing)
Total water = 2.2 + 0.8 = 3.0kg
Free water = Total water - water absorbed by aggregates
Aggregate absorption (sand) = 2.5%g 
Aggregate absorption (granite) = 0.7%*
Mass of sand = 10.7kg 
Mass of granite = 17.6kg
Water absorbed by sand = 0.27kg 
Water absorbed by granite = 0.12kg
Free water = 2.6kg
Free w/b ratio = 0.29
* Two supplies of granite had slightly different absorption, i.e. 0.7% and 0.8%. 
For mix HSC 0.5% 810, the absorption was 0.7%
204a
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Control mix
Material kg
20 4.5
10 5.6
Sand 13.3
Cement 5.9
Water added 3.7
Total 33.0
HSC 0.5% S10
Material kg
14mm 8.8
10mm 8.8
Sand 10.7
Cement 8
Microsilica 1.6
Water added 2.2
Superplasticiser 0.044
Total 40.14
205
HSC 1.5% S10
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HSC 1.75% SP5
Material Kg
14mm 8.8
10mm 8.8
Sand 10.7
Cement 8
Microsilica 1.6
Water added 2.2
Superplasticiser 0.132
Total 4^1%
Material Kg
14mm 8.8
10mm 8.8
Sand 10.7
Cement 8
Microsilica 1.6
Water added 2.6
Superplasticiser 0.154
Total 40.65
206
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Pfa based HSC
Material Kg
14mm 8.8
10mm 8.8
Sand 10.7
Cement 8.8
Microsilica -
Water added 3.4
Superplasticiser 0.154
Total 40.65'
Material Kg
14mm 8.7
10mm 8.7
Sand 10.5
Cement 7
Pfa 1.7
Water added 3.7
Superplasticiser 0.044
Total 40.34
207
Metastar 501 based HSC
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Gabs based HSC
Material Kg
14mm 8.7
10mm 8.7
Sand 10.5
Cement 7
Metastar 501 1.7
Water added 3.7
Superplasticiser 0.13
Total 40.43
Material Kg
14mm 8.6
10mm 8.6
Sand 11.3
Cement 2.5
Ggbs 5
Microsilica 1.7
Water added 1.8
Superplasticiser 0.148
Total /
208
Gabs based HSC without microsilica
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Material Kg
14mm 8.6
10mm 8.6
Sand 11.3
Cement 3.4
Ggbs 5
Microsllica -
Water added 2.7
Superplasticiser 0.148
Total Zr’hS
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APPENDIX C
Cube details
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Mix Density
kg/m^
28 day Strength 
MPa
Control 2313 45
HSC 0.5% SI 0 2466 85.5
HSC 1.5% 810 2446 81.5
HSC 1.75% SP5 2486 80
HSC 1.75% SP5 
(Excluding microsilica)
2482 82
Pfa based HSC 2437 72
Metastar 501 based 
HSC
2428 84.5
Ggbs based HSC 2462 90
Ggbs based HSC 
(Excluding microsilica)
2452 86
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APPENDIX D
Calculations for bond stress and fibre stress
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Fibre reinforcement calculations for Baekart’s 0.55 x 35mm steel fibres
Mass of concrete = 31 kg
Mass of fibres = 500g
Density of fibres = 7860kg/m^ Density of concrete = 2540kg/m^
Voiume of concrete = (0.0126)m^
Voiume of steel = (0.0636 x 10'^)m^
Fibre voiume = 0.5% by volume.
Length of fibre - f = 35mm 
Perimeter of fibre -  Pf = 1.73mm Fibre Volume - Vf = 0.5 % by volume
Cross section area - Af = 0.2376mm^
Bond strength (t )  N/mm^
Force per fibre = x x P f X f / 4
Where the number of fibres across the cross sectional area, A = 7000mm^,
= 14 Vf / Af per unit area
Therefore total number of fibres = 7000 x 14 Vf / Af
= 3500 V f / Af
Let the load on the cross sectional area of the composite A = f (N)
f = 3 5 0 0 V f / A f X x x P f x U 4  
T = (1 /3500)x(Af /Vf )x(1 / P f ) x ( 4 / f ) x f  
X = (0.2857 X 10'^) X 47.52 x 0.578 x 0.114 x f
X = 0.895 X 10'^f N/mm^ ...(EqA) If f=  100N then x =0.0895 N/mm^ 
Fibre stress (gf) N/mm^
Of = 2oc / Vf - where oc = stress on the cross sectionai area of the
compositeA
of = 2 ( f / A ) x ( 1  /Vf)
Of=2 ( f / 7000) x(1 / 0.005)
Of= f (2(1 / 0.005)/7000)
Of = 0.057I f . . .  (Eq B) If f = 100 then Of = 5.71 N/mm^
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Fibre reinforcement calculations for Fibrin XT fibres.
Mass of concrete = 50kgMass of fibres = 18.2g
Density of fibres = 910kg/m^ Density of concrete = 2540kg/m'
Volume of fibres = (0.00002)m^ Volume of concrete = (0.02)m'
Fibre volume = 0.1% by volume.
Average fibre length - f = 15.75mm Cross section area Af =
0.00026mm^
Perimeter of fibre -  Pf = 0.0566mm Fibre Volume - Vf = 0.1 % by volume
Bond strength (x) N/mm^
Force per fibre = x x P f X f / 4
Where the number of fibres across the cross sectional area, A = 7000mm^,
= 14 Vf / Af per unit area
Therefore total number of fibres = 7000 x 34 V f/ Af
= 3500 Vf / Af = 13461.54 per 7000mm^
Let the load on the cross sectional area of the composite A = f (N)
f= 3500 Vf /  Af X X X Pf X f  / 4 
x = (1 / 3 5 0 0 ) x ( A f / V f ) x { 1  / P f ) x ( 4 / f ) x f  
X = (0.2857 X 10'^) X 0.26 x 17.67 x 0. 254 x f
X = 0.333 X 10"^  f N/mm^ ... (Eq A) If f  = 10ON then x =0.0333 N/mm^ 
Fibre stress (of) N/mm^
Of = 2oc / Vf - where oc=stress on the cross sectional area of the composite A
of = 2 ( f / A ) x ( 1  / Vf)
crf= 2 ( f / 7000) X (1 / 0.001)
Of=f(2(1 / 0.001)/7000)
CTf = 0.2857 f ...(Eq B) If f = 100 then a, = 28.57 N/mm^
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Fibre reinforcement calculations for Fibermesh MD
Mass of concrete = 50kgMass of fibres = 18.2g
Density of fibres = 91 Okg/m  ^ Density of concrete = 2540kg/m^
Volume of concrete = (0.02)m^Volume of fibres = (0.00002)m 
Fibre volume = 0.1% by volume.
Average fibre length - f = 16.6mm Cross section area - Af =
0.00221 mm^
Perimeter of fibre -  Pf = 0.188mm Fibre Volume - Vf = 0.1 % by volume
Bond strength (t) N/mm^
Force per fibre = x x P f X f / 4
Where the number of fibres across the cross sectionai area, A = 7000mm^,
= 14 Vf / Af per unit area
Therefore total number of fibres = 7000 x 14 Vf / Af
= 3500 Vf / Af = 1583.7 per 7000mm^
Let the load on the cross sectional area of the composite A = f (N)f= 3500 Vf 
/ Af X X X Pf x f  /  4
X = (1 / 3500) X (Af /  Vf) X (1 / Pf) X (4 /Q  X f 
X = (0.2857 X 10'^) X 2.21 x 5.32 x 0.241 x f
X = 0.810 X 10'^f N/mm^ ...(Eq A) If f = 100N then x =0.081 N/mm^
Fibre stress (m) N/mm^
Of = 2gc / Vf - where gc = stress on the cross sectionai area of the composite 
A
of = 2 ( f / A ) x ( 1  / Vf) 
of= 2 ( f / 7000) X (1 / 0.001)
Of= f (2(1 / 0.001)/7000)
Of = 0.2857 f ...(Eq B) If f = 100 then Of = 28.57 N/mm^
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APPENDIX E
Dimensions of Fibermesh fibres after mixing
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Length (mm)
13.0 13.3 16.8 20.1 13.2 20.3 20.6 19.0 20.9 20.4 20.0
13.6 20.6 20.6 14.0 15.3 20.2 20.2 19.4 14.3 13.8 17.3
13.9 14.3 8.7 20.3 20.1 14.1 13.6 14.3
Average = 16.9mm 
Cross-sectional diameters (mm)
0.045 X 0.047 0.044 x  0.046 0.044 x 0.044 0.041 x 0.041
0.043 X 0.036 0.038 x 0.038 0.037 x 0.038 0.048 x 0.048
0.043 X 0.043 0.047 x  0.047
Average = 0.043 x 0.043 = 1.849 x  10'  ^mm^
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